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ABSTRACT
TECHNO-ECONOMIC FEASIBILITY OF ELECTRIFYING FOOD MARKETS IN
NIGERIA WITH BIOGAS HYBRID MINI-GRIDS
Oluwademilade (Demi) Ogunwo

This thesis explored the feasibility of electrifying a food market in an urban city in Nigeria
with a hybrid biogas-powered mini-grid. Under the Energizing Economies Initiative of the
Rural Electrification Agency of Nigeria, nine markets in the country currently receive
constant access to electricity via hybrid mini-grid systems. As a majority of these systems
are diesel-solar-battery systems, this thesis explored the use of biogas generators as a
substitute for diesel generators in hybrid mini-grids for food markets. A fruit and vegetable
market in Ketu, Lagos was used as a case study for the research. The research for this thesis
was carried out using various research methods which include literature reviews, phonecall interviews, and quantitative modeling analysis using HOMER Pro and Microsoft Excel
software.
The analysis focused on two load types determined by two energy solutions, cooling as a
service (CaaS) and power as a service (PaaS), proposed for the market. The simulated load
in the CaaS case was 277 kWh/day, while that in the PaaS case was 581 kWh/day. The
results obtained indicate the technical feasibility, economic viability, and environmental
benefit of generating electricity using a hybrid biogas mini-grid. The optimal system design
for achieving this was a Biogas-Solar-Battery system. The cost of energy for this system
was found to be $0.242/kWh and $0.169/kWh for the CaaS and PaaS solutions,
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respectively. The use of biogas fuel for electricity generation in this system diverted 185
kg and 107 kg of biomass from the landfill in the CaaS and PaaS solution respectively.
This reduction in biomass waste at the landfill reduces methane emissions. For a dieselsolar-battery system, fuel costs, which accounted for 79% of the annual O&M cost of the
system, resulted in a high COE of $0.270/kWh for the PaaS solution. Hence, biogas was
found to be a cheaper substitute for diesel fuel.
Lastly, the cost of energy of a biogas-only system for the PaaS solution was $0.169/kWh.
Although a biogas only system has a greater greenhouse gas reduction potential compared
to a hybrid biogas solution, the reliability of such a system is not guaranteed as it is
dependent on one energy source.

iii

ACKNOWLEDGMENT

I am extremely grateful to Donald and Andrea Tuttle for sponsoring my master’s studies
at Cal Poly Humboldt through their fellowship for clean energy studies. Also, to my
aunties and uncles that support me financially and emotionally. Secondly, I would like to
thank the members of my thesis committee: Professors Arne Jacobson, Peter Alstone, and
Sintana Vergara for their support in doing this research, their valuable feedback, and
guidance through the entire process.
I also would like to acknowledge senior friends/colleagues Olakunle Owoeye and Kristen
Radescky for listening to me while I shared my thesis ideas and for helping me shape my
thesis topic. Lastly, my immense gratitude goes to Aniche Phil-Ebosie, the innovation
officer of Togata Renewables Technologies, for his partnership in the biogas research for
this thesis. I appreciate you giving me your time, your openness, and information trust.
Thank you for allowing me do my thesis around your company’s project and sharing the
necessary information I needed for my research.

iv

TABLE OF CONTENTS
ABSTRACT ........................................................................................................................ ii
ACKNOWLEDGMENT.................................................................................................... iv
LIST OF TABLES ............................................................................................................ vii
LIST OF FIGURES ........................................................................................................... ix
LIST OF APPENDICES .................................................................................................... xi
CHAPTER 1: INTRODUCTION ....................................................................................... 1
1.1 Background ............................................................................................................... 1
1.2 Nigeria’s Electricity Sector ....................................................................................... 3
1.3 REA’s Electrification Plan ........................................................................................ 5
1.4 Energizing Economies Initiative ............................................................................... 5
CHAPTER 2: LITERATURE REVIEW ............................................................................ 9
2.1. Mini-Grid Development in Nigeria .......................................................................... 9
2.2. Biomass Powered Mini-grids ................................................................................. 12
2.2.1 Biomass Energy Technology ............................................................................ 12
2.2.2 Types of Anaerobic Digesters (Biodigesters)................................................... 16
2.2.3 Biogas Potential of Organic Waste................................................................... 18
2.2.4 Electricity Generation using Biogas ................................................................. 23
2.2.5 Valorization of the Digestate ............................................................................ 25
2.3 Economics of Mini-grid systems............................................................................. 28
2.3.1 Economics of Biogas Mini-grids ...................................................................... 30
2.3.2 Electric loads associated with food markets ..................................................... 32
CHAPTER 3: METHODOLOGY .................................................................................... 34
3.1 Technical Analysis .................................................................................................. 34
3.1.1 Market Load Assessment.................................................................................. 35
3.1.2 Organic Waste Resource Assessment............................................................... 38
3.1.3 Solar Energy Resource Assessment ................................................................. 43
3.1.4 HOMER Pro Software Analysis ....................................................................... 45
3.2 Economic Analysis.................................................................................................. 49
3.2.1 Project Costs ..................................................................................................... 50
v

3.2.2 Project Finance Metrics .................................................................................... 53
3.2.3 Microsoft Excel Analysis ................................................................................. 56
3.3 Environmental Analysis .......................................................................................... 58
3.3.1 WARM Tool Design ........................................................................................ 58
3.3.2 Emission Factors............................................................................................... 60
3.3.3 Data Inputs and Outputs ................................................................................... 61
CHAPTER 4: RESULTS .................................................................................................. 63
4.1 Technical Assessment ............................................................................................. 63
4.1.1 Load Profile ...................................................................................................... 64
4.1.2 Cooling as a Service Solution........................................................................... 65
4.1.3 Power as a Service Solution ............................................................................. 72
4.2 Economic Assessment ............................................................................................. 79
4.2.1 Cooling as a Service Solution........................................................................... 80
4.2.2 Power as a Service Solution ............................................................................. 83
4.3 Environmental Assessment ..................................................................................... 86
CHAPTER 5: DISCUSSION............................................................................................ 89
5.1 Cost of Energy comparisons ................................................................................... 89
5.1.1 Comparison to the National Electricity Grid .................................................... 89
5.1.2 Comparison to Operational Mini-Grids in Nigeria........................................... 90
5.2 Biogas-Solar-Battery versus Diesel-Solar Battery .................................................. 91
5.3 Biogas Only System ................................................................................................ 93
5.4 Impact of Cooling Storage on Organic Waste Resource......................................... 95
5.5 Implementation Constraints .................................................................................... 96
CHAPTER 6: CONCLUSION ......................................................................................... 99
REFERENCES ............................................................................................................... 103
APPENDICES ................................................................................................................ 115

vi

LIST OF TABLES
Table 1: Summary of biogas potential of organic waste based on literature reviewed .... 21
Table 2: Technologies for electricity generation with biogas. .......................................... 24
Table 3: Technologies for processing digestate from the anaerobic digestion of organic
waste (Ambarish, 2014; Rehl & Müller, 2011) ................................................................ 26
Table 4: Summary of the cost of energy of the hybrid power systems in the study done by
(Olatomiwa et al., 2016) ................................................................................................... 29
Table 5: Summary of the cost and characteristics of ten mini-grid sites audited in an RMI
study on Nigeria’s mini-grid market (Yakubu et al., 2018). ............................................. 30
Table 6: Power and energy demand of the loads in Ketu Fruit Market based on the market
load assessment conducted. .............................................................................................. 38
Table 7: Chemical composition of fruits sold in Nigerian markets. Source: (Ekpete et al.,
2013). ................................................................................................................................ 40
Table 8: Summary of biomass data entered into HOMER ............................................... 47
Table 9: Summary of project cost assumptions. ............................................................... 51
Table 10: Data inputs entered into the WARM tool for the environmental analysis. ...... 62
Table 11: Result of the load assessment of Ketu Fruit Market based on the energy
solutions proposed for the market. .................................................................................... 64
Table 12: Summary of the result of HOMER’s optimization for the CaaS solution ........ 66
Table 13: Biogas Genset Operation details for the CaaS solution. ................................... 66
Table 14: Battery Storage Operation Details for the CaaS solution. ................................ 66
Table 15: Summary of the result of HOMER’s optimization for the PaaS solution. ....... 72
Table 16: Biogas Genset Operation details for the PaaS solution. ................................... 72
Table 17: Battery Storage Operation details for the PaaS solution. ................................. 72
Table 18: Result of Economic Analysis conducted in HOMER for the CaaS solution. ... 80
Table 19: Result of economic analysis carried out using Microsoft Excel for the CaaS
solution. This analysis factored the costs associated with installing and maintaining a
biodigester for the options with a biogas genset. .............................................................. 81
Table 20: Result of Economic Analysis conducted in HOMER for the PaaS solution. ... 84
Table 21: Result of economic analysis carried out using Microsoft Excel for the PaaS
solution.............................................................................................................................. 84
Table 22: Greenhouse-gas emissions in baseline waste management scenario. ............... 87
Table 23: Greenhouse-gas emissions in alternative waste management scenario and
percentage decline in emissions from the baseline scenario based on biomass waste
diversion in the CaaS solution. ......................................................................................... 87
Table 24: Greenhouse-gas emissions in alternative waste management scenario and
percentage decline in emissions from the baseline scenario based on biomass waste
diversion in the PaaS solution. .......................................................................................... 87
Table 25: COE result for the CaaS and PaaS solution. ..................................................... 89
vii

Table 26: Electricity price at a net profit margin of 10.41% ............................................ 89
Table 27: Comparison between using a Biogas-Solar-Battery and Diesel-Solar-Battery
mini-grid system to serve the PaaS load. .......................................................................... 92
Table 28: Details of the biogas only system analysis ....................................................... 94
Table 29: Result of the sensitivity analysis of the biogas genset’s capital and O&M costs.
A is the COE of the mini-grid system at a 5% cost margin, while B is the COE of the
mini-grid system at 50% cost margin. .............................................................................. 95

viii

LIST OF FIGURES
Figure 1: Aerial view of Ketu Fruit Market, Ikosi, Lagos (Source: Benjamin Olujimi) .... 2
Figure 2: Heap of waste at a Nigerian market showing a huge portion of the waste to be
organic material. Source: Nigeria Health Watch (Adejo, 2021). ........................................ 7
Figure 3: Business models explored in a study by the Rocky Mountain Institute for minigrids under an existing grid in Nigeria (Graber et al., 2019). ........................................... 11
Figure 4: Cumulative capacity of installed mini-grid systems in Nigeria (MGP et al.,
2020). ................................................................................................................................ 12
Figure 5: The four main stages of the anaerobic digestion process (Al Seadi et al., 2008)
........................................................................................................................................... 14
Figure 6: Picture of Biogas Plant installed at Ketu Fruit Market in 2013 (Adeyemo, 2019)
........................................................................................................................................... 23
Figure 7: Comparison between the load demand and number of shops in 14 markets
audited by the REA. Source: REA.................................................................................... 33
Figure 8: Schematic layout of the pilot biogas system built at the Ketu fruit market by
Togata Renewable Technologies. ..................................................................................... 41
Figure 9: 10m3 pilot biodigester system built at the market by Togata Renewable
Technologies. Source: Aniche Phil-Ebosie....................................................................... 41
Figure 10: Solar resource map of Nigeria showing Global Horizontal Irradiation
distribution across the country (Solargis, 2019). .............................................................. 44
Figure 11: Flow chart showing assumptions made in WARM about the lifecycle of fruits
and vegetables. It covers stages in the life cycle that have positive/negative emissions,
stages that are not included in WARM, and stages that are not modelled in WARM (ICF,
2016). ................................................................................................................................ 59
Figure 12: Daily load profile of the market’s base load (i.e. without cooling storage). ... 64
Figure 13: Daily load profile of the cooling storage load. ................................................ 65
Figure 14: Daily load profile of the PaaS load ................................................................. 65
Figure 15: Schematic design of the mini-grid system modeled in HOMER Pro for the
CaaS solution. ................................................................................................................... 66
Figure 16: Distribution of electricity produced from the generation sources in Option 1
(CaaS). .............................................................................................................................. 67
Figure 17: Biogas Genset Output Modeled in HOMER for Option 1 (CaaS). ................. 68
Figure 18: Solar PV Output Modeled in HOMER for Option 1 (CaaS). .......................... 68
Figure 19: Battery State of Charge Modeled in HOMER for Option 1 (CaaS). ............... 69
Figure 20: Biogas Genset Output Modeled in HOMER for Option 2 (CaaS). ................. 70
Figure 21: Battery State of Charge Modeled in HOMER for Option 2 (CaaS). ............... 70
Figure 22: Solar PV Output Modeled in HOMER for Option 3 (CaaS). .......................... 71
Figure 23: Battery State of Charge Modeled in HOMER for Option 3 (CaaS). ............... 71

ix

Figure 24: Schematic design of mini-grid system modeled in HOMER Pro for the PaaS
solution.............................................................................................................................. 73
Figure 25: Distribution of electricity produced from the generation sources in Option 1
(PaaS). ............................................................................................................................... 74
Figure 26: Biogas Genset Output Modeled in HOMER for Option 1 (PaaS). ................. 74
Figure 27: PV Output Modeled in HOMER for Option 1 (PaaS)..................................... 75
Figure 28: Battery State of Charge Modeled in HOMER for Option 1 (PaaS). ............... 75
Figure 29: Biogas Genset Output Modeled in HOMER for Option 2 (PaaS). ................. 76
Figure 30: Battery State of Charge Modeled in HOMER for Option 2 (PaaS). ............... 77
Figure 31: Solar PV Output Modeled in HOMER for Option 3 (PaaS). .......................... 78
Figure 32: Battery State of Charge Modeled in HOMER for Option 3 (PaaS). ............... 78
Figure 33: Breakdown of the lifecycle project costs in Option 1 by the components in the
mini-grid system over a 25-year period (CaaS). ............................................................... 82
Figure 34: Breakdown of the lifecycle project costs in Option 2 by the components in the
mini-grid system over a 25-year period (CaaS). ............................................................... 82
Figure 35: Breakdown of the lifecycle project costs in Option 3 by the components in the
mini-grid system (CaaS). .................................................................................................. 83
Figure 36: Breakdown of the lifecycle cost of Option 1 by the components in the minigrid system over a 25-year period (PaaS). ........................................................................ 85
Figure 37: Breakdown of the lifecycle cost of Option 2 by the components in the minigrid system over a 25-year period (PaaS). ........................................................................ 85
Figure 38: Breakdown of the lifecycle cost of Option 3 by the components in the minigrid system over a 25-year period (PaaS). ........................................................................ 86
Figure 39: Relationship between the average annual diesel prices in Lagos State and the
COE of the PaaS solution for Ketu Fruit Market using the Diesel-Solar-Battery mini-grid
system. .............................................................................................................................. 93

x

LIST OF APPENDICES
Appendix A: Supplemental data for Chapter 3 ............................................................... 115
Appendix B: Supplemental data for Chapter 5 ............................................................... 121
Appendix C: Pictures of Ketu Fruit Market .................................................................... 124

xi

1

CHAPTER 1: INTRODUCTION
Reliable access to electricity is a major issue in many countries. In Nigeria, 43% of the
country’s population does not have access to electricity (World Bank, 2021), while those
connected to the national electric grid do not receive uninterrupted supply of electricity.
Asides this, Nigeria also faces a waste management problem with the proliferation of open
dump sites and illegal dumping of waste into drainages and water bodies. Organic waste
from markets collected by waste management companies are disposed of at landfills, which
contributes to methane emissions at the landfill sites. This thesis explores the possibility of
solving the electricity access and waste management problem in public markets in Nigeria
through the use of a hybrid mini-grid system powered by solar and biomass energy.

1.1 Background
The Ketu Fruit Market in Ikosi, Lagos, Nigeria was used as a case study for this thesis.
Ketu Fruit Market consists of 960 shops. Major businesses in the market include food
trading; provision, goods, and drinks stores; barbing salons; and phone charging stations.
The market operates from 6:00 AM to 7:00 PM daily. Electricity is primarily needed for
lighting, refrigeration, and powering appliances. Although the market is connected to the
grid, some of the shops use petrol generator sets to meet the electricity needs of their
shops. These generator sets are in the range of 2.5 kVA to 3.5 kVA. Asides these shops,
there are three toilet blocks that require electricity for lighting and operation of water
pumps which are also powered by petrol gensets. Behind the fruit market is ongoing

2
construction work for a 2.8 billion naira (6.8 million USD) ultra-modern market (Patriot
News, 2019). Figure 1 shows an aerial view of the market and ongoing construction work
beside the market.

Figure 1: Aerial view of Ketu Fruit Market, Ikosi, Lagos (Source: Benjamin Olujimi)

The Ministry of Energy in partnership with a private company, Togata Renewables
Technologies (TRT), is working on providing cooling as a service1 (CaaS) to the market
traders (P.E. Aniche, personal communication, October 2021). CaaS is the provision of
cooling storage services for the preservation of perishable food items. TRT is proposing
to power the cold room storage using biomass energy from organic waste generated in the
market. TRT is a bioenergy company that specializes in waste to energy and organic
material recovery solutions. The company, in partnership with the Ministry of Energy,
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Cooling as a service is further explained in Section 3.1.1
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retrofitted the 26 m3 horizontal biodigester built at the market in 2013 to a 10 m3 vertical
digester that was used to run pilot tests for the CaaS project. The next stage in the project
is to upscale the pilot system into a 100 m3 biodigester plant with 120 m3 storage. The
biogas produced from the biodigester plant will then be used in generating electricity to
power the operation of refrigerated containers that will be used in provide cooling
services to the market traders. Being a food market, the use of biomass as an energy
resource to meet the market’s energy needs is apt. Asides biomass, another readily
available energy resource at the market is solar energy.
The analysis conducted in this thesis serves as a technical and economic assessment of
the CaaS project using all energy resources available at the market. In addition, the
analysis includes an assessment of providing power as a service2 (PaaS) to meet other
electricity needs in the market. The PaaS solution encompasses the load in the CaaS
solution as it is focused on electricity generation to power cooling storage units that
would be rented out to the traders in the market, individual shops in the market, and
public toilets.

1.2 Nigeria’s Electricity Sector
The electric power sector in Nigeria consists of generation companies (GENCOS) and
independent power producers (IPPs), distribution companies (DISCOS), and the
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Power as a service is explained in Section 3.1.1
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Transmission Company of Nigeria (TCN). The GENCOS and DISCOS are owned and
operated by private companies, while TCN is owned by the federal government but
operated through a private company (Sipasi et al., 2019). The total installed generation
capacity is 16,384 MW, of which 73% is from gas, 13% is from hydro, 0.060% is from
wind, 0.040% is from solar, and 14% is from Diesel/HFO/Other sources of energy
(USAID, 2022). The existing power plants have the potential to generate 12,522 MW of
electricity, but typically about 4,000 MW is dispatched due to limitations in transmission
(USAID, 2022). Nigeria’s peak electricity demand is estimated to reach 15 GW by 2025
(Get-invest, 2019). In the 4th quarter of 2019, transmission losses amounted to 22% of
electricity generated while distribution losses amounted to 40% of electricity transmitted
(Get-invest, 2019).
Prior to the privatization of the GENCOS and DISCOS, the power sector was operated
and owned by the federal government through a vertically integrated utility. The
unbundling of the power sector was carried out in 2005 to address problems in power
generation, transmission, and distribution (Sipasi et al., 2019). The generation and
distribution companies were privatized to attract private sector investments and to ensure
sustainable operation of the power sector without subsidy from the federal government
(DLA Piper, 2019). The improvements hoped for are yet to be seen due to a number of
challenges listed below:
1. DISCOS have been faced with high operating costs due to technical losses in the
distribution system and revenue losses during collection.
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2. Insufficient transmission capacity that has led to power rationing between the
distribution companies.
3. There have been shortfalls in power generation due to vandalization of gas
pipelines and defaults in the contracts between the GENCOS and NBET (Nigeria
Bulk Electricity Trader), the off taker that acts as an intermediary between the
GENCOS and DISCOS.

1.3 REA’s Electrification Plan
To address the electricity access problem in the country, the Rural Electrification Agency
(REA) was established in 2006 to increase electricity access in rural and underserved
areas (REA, n.d.-a). The agency was set up under Section 88 of the 2005 Electric Power
Sector Reform Act. REA’s goal is to increase electricity access in rural and underserved
areas in the country. The Act also establishes the Rural Energy Fund (REF), which is
dedicated to financing the capital costs of electricity access projects and providing
technical assistance and training required for the implementation of these projects (REA,
2014). One of the programs executed by the REA is the Energizing Economies Initiative
(EEI) program.

1.4 Energizing Economies Initiative
The Energizing Economies Initiative (EEI) program was launched in 2017 by the Federal
Government of Nigeria (FGN). The main objective of the program is to increase access to
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energy in economic clusters such as markets, shopping complexes, and
agriculture/industrial clusters. The program is managed by the REA under the eligible
customer policy directive by acting as an intermediary between private power developers,
investors, and leaders of commercial hubs (REA, 2017).
Benefits of the EEI program include: provision of clean and reliable electricity,
empowerment of micro, small, and medium scale enterprises (MSMEs), creation of jobs,
and reduction of carbon emissions from self-generation using petrol and diesel gensets
(REA, 2019a). The program also aims to reduce the operation cost of MSMEs. Nigerian
businesses spend $0.40/kWh or more to meet their electricity needs (REA, 2017).
Funding for these projects come from private developers who also receive support from
the Federal government through the REA. Under this program, economic clusters such as
the Sabon Gari market in Kano State, Sura and Iponri market in Lagos State; Edaiken
market in Edo State, Ita-Osu market in Ogun State, Isikan, NEPA 1 and NEPA 2 market
in Ondo State, and Ariara market in Abia State have gained access to electricity (REA,
2020). Two out of the nine markets were electrified using gas fired power plants. The
remaining seven were electrified using a solar hybrid system consisting of solar modules,
batteries and diesel generators.
Back-up generator sets are responsible for the majority of NOX and PM 2.5 emissions in
the power sector in sub-Saharan Africa (IFC, 2019). In 2010, the estimated NOX emission
from the use of petrol and diesel generators in the commercial sector was between 1.8 –
2.8 kilo tons. CO2 emissions that year was between 0.07 - 0.12 million tons (World Bank,
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2014). Finding a green replacement for diesel generators is therefore beneficial to the
environment. An untapped resource that has the potential to replace the function of diesel
generators in mini-grid systems is biomass energy. This is especially true for food
markets which have a high concentration of organic waste (See Figure 2). Rather than
disposing this waste at a landfill to decompose and contribute to methane emissions, the
inherent energy in this resource can be utilized to meet the electricity needs of these
markets.

Figure 2: Heap of waste at a Nigerian market showing a huge portion of the waste to be
organic material. Source: Nigeria Health Watch (Adejo, 2021).

The objective of this research is to evaluate the technical and economic feasibility and the
greenhouse gas emissions impact of generating electricity for food markets using a hybrid
biogas mini-grid. This study is aimed at answering the following questions:
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1. Is it technically feasible to electrify a food market using solar and/or battery, and
biomass energy from the organic waste produced by the market?
2. What would be the best configuration for such a system considering the economic
viability of implementation?
3. How does a biogas hybrid mini-grid reduce the carbon emissions at landfills?
4. What are the pros and cons of powering a food market with a biogas-solar-battery
system, a diesel-solar-battery system, a solar-battery system, and a biogas only
system?
This thesis paper consists of six chapters – Introduction, Literature review, Methodology,
Results, Discussion, and Conclusion. This first chapter provides an introduction into the
thesis topic, a background on the case study site used for the thesis study, the current state
of electricity access in Nigeria, and lastly, programs and policies put into place by the
government to increase access to electricity. The next chapter goes deeper into the
policies that support mini-grid development in Nigeria and studies on best practice for the
execution of mini-grid projects in the country. It also has a section on the use of biomass
as an energy source for mini-grids through a review of literature on the energy potential
of organic waste, the technology for conversion to electricity, and existing biogas power
plants. This chapter ends with a review of the economics of mini-grid systems. Chapter 3
explains the methods followed for the research analysis work done, while the results of
the analysis are detailed in Chapter 4, and further discussed in Chapter 5. Lastly, in
Chapter 6, conclusions and recommendations based on the results obtained are provided.
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CHAPTER 2: LITERATURE REVIEW
This chapter provides information on the mini-grid market in Nigeria, biomass powered
mini-grid systems, and economic studies on existing and theoretical mini-grid projects in
Nigeria.

2.1. Mini-Grid Development in Nigeria
According to Nigerian regulation, a mini-grid is “any electricity supply system with its
own power generation capacity, supplying electricity to more than one customer and
which can operate in isolation from or be connected to a distribution licensee’s network”
(NERC, 2016). This regulation limits the generation capacity of mini grids to 1 MW and
allows for the development of these systems in unserved and underserved areas of the
national grid.
Regulation and financing are two major challenges in the development of mini-grid
systems in sub-Saharan Africa, Asia, and small island nations (MGP et al., 2020). As
regards regulation, Nigeria has a framework created by the Nigeria Electricity Regulatory
Commission (NERC) to guide mini-grid development in the country. Project financing is
currently supported by a 550 million USD fund provided by the World Bank and African
Development Bank (AfDB, 2020; WorldBank, 2018). This particular fund is, however,
dedicated to the Nigeria Electrification Project (NEP). The goal of NEP is to increase
electricity access in households, MSMEs, federal universities, and teaching hospitals in
Nigeria (REA, 2019b). Another mini-grid scheme set up specifically for markets and
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economic clusters is the EEI discussed in Section 1.3. Projects in the EEI scheme are
solely funded by private investors (REA, 2019a). A study by the Rocky Mountain
Institute (RMI) explored financing and deployment models for mini-grids similar to those
in the EEI scheme (i.e. mini-grids under an existing distribution grid) and found the
following options (Graber et al., 2019). A comparison of the expected outcome of each
model can be found in Figure 3.
1. Mini-grid Operator-led – In this option, the mini-grid operator is responsible for
financing the project and majority of the project activity. It is the fastest model to
implement but places too much risk on the private investor funding the project.
2. SPV-led – SPV which stands for special purpose vehicle “is a legal structure used
to isolate a subsidiary from the main company operations” (Graber et al., 2019). It
allows investors in a distribution company to own generation assets in a mini-grid
system as long as the subsidiary of the DISCO acts independently from the
DISCO. Typically, these investors engage the services of a mini-grid operator,
hence the SPV leads and finances the project while the DISCO and mini-grid
operator support the execution of the project. The creation of an SPV creates
complexities for legal compliance with mini-grid regulations.
3. Cooperative-led – In the cooperative led model, a community creates a
cooperative association to engage the mini-grid operator and DISCO on their
behalf. This model, although uncommon in Nigeria, is the best for the community
in terms of affordability as they are able to get support from the government in the
form of grants to finance the mini-grid project.
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4. Collaborative SPV-led – This model is similar to the SPV-led model but includes
the community’s cooperative. This makes it the most difficult model to implement
due to the number of parties involved. Having many stakeholders in the mini-grid
project however increases the chance of accessing funds to finance the project.
All the mini-grid projects commissioned so far under the EEI scheme have utilized
the SPV-led business model (REA, 2020).

Figure 3: Business models explored in a study by the Rocky Mountain Institute for minigrids under an existing grid in Nigeria (Graber et al., 2019).

Mini-grid systems can be powered by fossil fuels (like diesel or natural gas) and/or
renewable energy sources (like solar, wind, hydro, biomass). A mini-grid powered by two
or more energy sources is known as a hybrid mini-grid. These types of systems have an
added advantage of increased reliability due to the use of multiple energy sources.
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Biomass powered mini-grids are exceptionally viable due to their high capacity factor
and flexibility in size to match the load in a mini-grid system (Patino et al., 2021). Solar
is however the most predominantly used technology for mini-grids in sub-Saharan Africa,
Asia, and small island nations (MGP et al., 2020). As of 2019, Nigeria had a total
installed mini-grid capacity of about 2.8 MW (MGP et al., 2020), of which solar
represents the largest percentage, as shown in Figure 4.

Figure 4: Cumulative capacity of installed mini-grid systems in Nigeria (MGP et al.,
2020).

2.2. Biomass Powered Mini-grids
2.2.1 Biomass Energy Technology
Organic waste can be used as an energy source for a mini-grid. The energy content in the
waste can be harnessed using thermal, thermochemical or biochemical conversion
technologies. These include direct combustion, gasification, pyrolysis, and anaerobic
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digestion (Schneider & Eibisch, 2020). This thesis is focused on anaerobic digestion
technology which is a biochemical conversion technology.
Anaerobic digestion (AD) is the degradation of organic waste by microorganisms in the
absence of oxygen to produce biogas and a solid digestate. The chemical equation for the
process is given in Equation 1 (Al Seadi et al., 2008).
[organic waste] + heat

CO2 + CH4 + H2S + NH4+ + [digestate]

(1)

Biogas consists of methane, carbon dioxide, and small amounts of other gases such as
hydrogen sulfide and trace elements, while digestate, the by-product substrate from the
AD process, is a semi-solid that is rich in nutrients and can be used as plant fertilizer (Al
Seadi et al., 2008). The four main stages of the AD process are: hydrolysis, acidogenesis,
acetogenesis and methanogenesis (Anukam et al., 2019). As shown in Figure 5, during
hydrolysis, carbohydrates, fats and proteins are broken down into sugars, fatty acids and
amino acids, respectively, by extracellular enzymes. In the next stage, acidogenic bacteria
convert these products into methanogenic substrates. Products from the acidogenesis
stage such as volatile fatty acids (VFA) and alcohols that cannot be converted directly to
methane by methanogenic bacteria are oxidized into methanogenic substrates like acetic
acid, carbon dioxide and hydrogen. Lastly, during methanogenesis, methanogenic
bacteria act on the methanogenic substrates to produce methane, carbon dioxide and
water (Al Seadi et al., 2008; Anukam et al., 2019).
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Figure 5: The four main stages of the anaerobic digestion process (Al Seadi et al., 2008)

The factors that affect the AD process include: organic loading rate, hydraulic retention
time, temperature, pH-value, presence of nutrients, and presence of contaminants (Al
Seadi et al., 2008). These are defined below:
1. Organic Loading Rate (OLR): This is the amount of volatile solids (VS) fed into
the digester on a daily basis (Chen & Neibling, 2014). It is measured in kg
VS/m3d. OLR is calculated using the formula in Equation 2 (Al Seadi et al.,
2008).

𝑂𝐿𝑅 =

𝑚̇ × 𝑐
𝑉𝑅

Where, 𝑚̇ – mass flow rate (kg/day)
c - % of volatile solids
VR – Volume of the digester (m3)

(2)
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2. Hydraulic Retention Time (HRT): This is the average time a volume of waste
stays in the digester. It is determined by the volume of the digester, the volume of
waste fed into the digester per unit of time, and the volume of substrate removed
from the digester per unit of time. The HRT affects the amount of biogas gotten
from a given volume of waste that is fed into a digester. Therefore, the volume of
the digester should be tailored to the OLR and minimum HRT of the waste being
digested for maximum biogas yield.

𝐻𝑅𝑇 =

𝑉𝑅
𝑉̇

(3)

Where, VR – Volume of the digester (m3)

𝑉̇ – Volume flow rate (m3/day)
3. Temperature: There are three temperature ranges in which the AD process can
occur: psychrophilic (below 25°C), mesophilic (25°C – 45°C), and thermophilic
(45°C - 75°C). The process temperature has a direct effect on the HRT and the
toxicity of ammonia in the digester, and an inverse effect on the solubility of
chemical compounds in the waste and the viscosity of the digested substrate (Al
Seadi et al., 2008).
4. pH-value: This is the measure of the acidity to alkalinity of a solution. The pHvalue of the substrate in the digester affects the growth of methanogenic
microorganisms and also the dissociation of compounds such as ammonia,
necessary for the AD process (Al Seadi et al., 2008). High process temperatures
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and concentration of ammonia increase the pH-value of the substrate while a
build-up of volatile fatty acids in the digester decreases the pH-value. For AD at
mesophilic temperatures, the optimum pH interval is between 6.5 and 8.0, with
the process being severely inhibited at pH-values below 6.3 and above 8.3 (Al
Seadi et al., 2008).
5. Presence of Nutrients: The presence of macro-and micronutrients in the organic
waste digested is important for the growth and survival of microorganisms during
AD (Xu et al., 2019). Micronutrients required include iron, nickel, cobalt,
selenium, and molybdenum while macronutrients required include carbon,
nitrogen, phosphorus, and sulfur. The absence of these nutrients can inhibit the
AD process (Xu et al., 2019).
6. Presence of contaminants: Toxic materials such as pesticides and heavy metals
can inhibit the digestion process due to the sensitivity of methanogenic bacteria to
these materials (Malehorn, 1993).

2.2.2 Types of Anaerobic Digesters (Biodigesters)
Biodigesters can be distinguished by the type of feedstock digested, moisture content of
the feedstock, loading method, and the process temperature (US EPA, 2016b). The most
common classifications are: wet or dry digesters and batch or continuous digesters.
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1. Wet Biodigester
A wet biodigester is a low-solids digester. “Wet” implies the substrate in the digester is in
liquid form as the feedstock is first diluted with water to reduce the concentration of
solids to below 15% before it is fed into the digester. The typical retention period for this
digester is 20-40 days (Greene, 2015).
2. Dry Biodigester
A dry biodigester is a high-solids digester. The substrate fed into this digester has higher
solids content compared to a wet digester. Dry biodigesters are also designed such that
the substrate in the digester is in stackable form. The biogas generated from the waste is
taken from a percolate or warm water sprayed on the waste, and collected in a separate
digester tank (Greene, 2015).
3. Batch Digester
As the name implies, the feedstock is fed into the digester in batches. When the substrate
is fully digested, the digester is emptied and reloaded with another batch of feedstock
(US EPA, 2016b).
4. Continuous Digester
For a continuous digester, the feedstock is continuously loaded while simultaneously
removing the digestated waste from the system. Continuous digesters could be singlestage or two-stage systems (US EPA, 2016b).
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Biodigesters can be made using steel, concrete, or plastic. They can also be horizontal or
vertical (Darling, 2016). Stirring is an optional feature that ensures the nutrients are well
mixed which increases the speed of the reaction. To maintain the desired process
temperature, an external heating source can also be applied (Greene, 2015). The
biodigester design used for this thesis is a single-stage, vertical, plastic biodigester with
an external heating source and no stirring.

2.2.3 Biogas Potential of Organic Waste
Several studies have been carried out on the use of organic waste from homes, restaurants
and markets for the purpose of electricity generation. Organic waste used in these studies
include: food waste (FW), fruit and vegetable waste (FVW), animal manure (AM) and
slaughter house waste (SHW). The results of four select studies on the biogas potential of
organic waste at food markets are reported in this section as well as the biogas potential
of slaughter house waste.3 One of such studies was conducted by Scano and five others
for the fruit and vegetable wholesale market in Sardinia, Italy (Scano et al., 2014). They
found that during AD, the high simple sugar content of FVW causes fast acidification of
the substrate which holds back the activity of methanogenic bacteria. The presence of
simple sugars was also found to increase the carbon dioxide content of the biogas, which
consequently reduces the methane content of the gas. The mass of total feedstock used in

3

Slaughter house waste is found at meat markets or abattoirs, which is also a food market, although
different from the one considered in this thesis.
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their experiment was 4,500 kg, of which 950 kg was pig manure which served as
inoculum for the AD process. The AD of this waste yielded 216 m3 of biogas and 3,250
kg of digestate. The average specific biogas production of the waste was 0.78 m3/kg VS,
of which 43% was methane.
This study also considered the use of the biogas produced for electricity and heat
generation using a combined heat and power (CHP) system. The result from the pilot test
conducted was scaled up to determine the performance of a full-scale biogas power plant
with a daily feedstock supply of 9 tons of FVW. The estimated biogas from such a plant
was found to be enough to offset 25% of the electrical energy demand of the wholesale
market.
A similar study was conducted in South Africa to determine the biogas potential of FVW
at Joburg wholesale market in Johannesburg, South Africa (Masebinu et al., 2018). Due
to instabilities associated with the mono digestion of FVW, the aim of their experimental
analysis was to determine the right proportion of fruit to vegetables and type of digester
best suited for the feedstock. Hence, the digestion process was separated into two:
hydrolysis and acidogenesis, and acetogenesis and methanogenesis. They found the fruit
to vegetable ratio (by mass) for a stable process to be 11:14 and that a two stage semicontinuous biodigester is best for optimizing biogas yield.
Another study on the composition and characterization of FW and FVW at a large-scale
market was carried out by Thenabadu for a market in Ratmalana, Sri Lanka (Thenabadu,
2014). The author found that after five weeks (35 days) of anaerobic digestion, the
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average methane production of the FW was 0.56 CH4/kg VS while that of the FVW was
0.30 CH4/kg VS. Both feedstocks were found to have well balanced nutrients for
anaerobic microorganisms.
The biogas potential of co-digesting FVW and the organic fraction of municipal solid
waste (OFMSW) was determined in another study conducted in Brazil (Pavi et al., 2017).
The OFMSW contained raw food waste - carrot and chayote peels, lettuce and arugula
leaves, egg shells, coffee powder, bread and cooked beans, rice, and pasta. The FVW
contained bananas, papayas, apples, cabbage, lettuce, onions and potatoes. The OFMSW
and FVW were digested in the following proportions, 1/0, 1/1, 1/3, 0/1. The highest
biogas yield (0.49 m3/kg VS) was observed in the third batch which consisted of a
mixture of OFMSW and FVW in the ratio 1:3. The methane percentage of the biogas in
this batch was 79.7%. The biogas yield (and methane percentage) of the other batches can
be found in Table 1.
For SHW, Aidan Ware and Niamh Power assessed the biogas potential of by-products of
a cattle slaughtering facility in Ireland (Ware & Power, 2016). The SHW streams used for
this study were paunch (PA), soft offal (SO) which consists of intestinal residues, fat,
meat trimmings with some blood, and dissolved air floatation sludge (DAF) from the
onsite wastewater treatment facility. Bones were not used due to their low
biodegradability. The waste streams were combined in the ratio 100: 255: 322 (PA:
DAF:SO), and then treated as a single waste stream. The specific methane yield of the
mixed waste stream was 0.64 m3/kg VS and methane represented 63% of the biogas
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yield. The high methane yield of the overall waste stream was due to the high fat content
in the SO (58.1%). Table 1 contains a summary of the findings of studies reviewed in this
section on the biogas potential of organic waste streams.
Table 1: Summary of biogas potential of organic waste based on literature reviewed
Reference
(Scano et al.,
2014)
(Thenabadu,
2014)
(Masebinu et al.,
2018)
(Thenabadu,
2014)
(Pavi et al., 2017)
(Pavi et al., 2017)
(Pavi et al., 2017)
(Pavi et al., 2017)
(Ware & Power,
2016)

Feedstock

% TS4/ kg
feedstock

%VS5/
kg TS

HRT

Biogas yield
(Nm3/ kg VS)

%
Methane

FVW

8.7

86

30

0.78

55.1%

FVW

8.08

76.5

35

0.51

59.3%

FVW

11.84

95

35

0.87

57.6%

FW
OFMSW/FVW
(0/1)
OFMSW/FVW
(1/0)
OFMSW/FVW
(1/1)
OFMSW/FVW
(1/3)

21.9

91.2

35

0.67

83.6%

19.54

96.2

12

0.35

78.7%

19.94

96.2

15

0.22

76.5%

19.74

96.2

18

0.43

80.8%

19.64

96.2

17

0.49

79.7%

33.8

96.7

30

1.02

63%

SHW

In 2013, Midori Environmental Solutions, founded by Aniche Phil-Ebosie and Olumide
Thompson, in partnership with LAWMA,6 built a biogas plant at the Ketu Fruit Market in
Lagos. The system was designed to process organic waste generated in the market using a
26 m3 biodigester. The biogas produced was then used as fuel to generate electricity to
power the street lights in the market at night. Being a fruit and vegetable market, the
waste generated consists primarily of fruits and vegetables. The waste comes from

TS – Total Solids
VS – Volatile Solids
6
Lagos State Waste Management Authority
4
5
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damaged and spoilt produce during transport or sale, and mini-processing7 of food items
like corn, bananas, and plantains. For this project, 250 kg of FVW was fed daily into the
biodigester which generated 22 m3 of biogas per day. To provide a buffer for days with
low biogas yield, a 10 m3 storage tank was incorporated into the system. Digestate from
digested waste was given out for free to LAWMA and some farmers in Alapere area
close to the market (P.E. Aniche, personal communication, October 2021). The
seasonality of the fruits sold in the market was a major constraint during the design of the
biogas system as it led to changes in the chemical composition of the feedstock at
different seasons of the year. The high fruit percentage of the total waste also posed a
challenge in maintaining the pH of the system. This was controlled by adding manure to
neutralize the pH of the substrate (P.E. Aniche, personal communication, October 2021).
A picture of the biogas plant is shown in Figure 6. Although this project was successful,
the operation of the plant was short lived due to improper management after handover to
LAWMA.

7

Corn is usually dehusked while bananas and plantains are detached from their stems and repackaged into
smaller bunches for sale.
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Figure 6: Picture of Biogas Plant installed at Ketu Fruit Market in 2013 (Adeyemo, 2019)

2.2.4 Electricity Generation Using Biogas
The most efficient technology for converting the chemical energy in biogas fuel to
electricity is the internal combustion engine (Černá et al., 2014). The internal combustion
engine (ICE) can either be a spark ignition (SI) engine, such as an Otto engine, or a
compression induction (CI) engine, like a diesel dual-fuel engine. A combined heat and
power (CHP) unit, however, maximizes the energy extracted from biogas fuel. Other
technologies asides the ICE for electricity generation using biogas include Stirling
motors, microturbines, and fuel cells. As shown in Table 2, ICEs have higher energy
conversion efficiencies than Stirling motors or microturbines. Although fuel cells have a
high efficiency, it is difficult to store the hydrogen fuel required for electricity generation
(Laporte, 2015). The use of fuel cells also involves complex and costly treatment of the
gas stream to achieve a relatively pure hydrogen gas stream.
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Table 2: Technologies for electricity generation with biogas.
Technology
SI engine
CI engine
Stirling motor

Motor size
Often > 1 MW
1 – 350 kW
1 – 50 kW

Efficiency
34% - 40%
30% - 40%
18% – 22%

Microturbine
Fuel cell

1 - 200 kW
N/A

28%
50%

The SI engine has a high resistance to auto-ignition and engine knocking, which makes it
suitable for a diluted fuel like biogas. Biogas typically consists of methane (CH4), carbon
dioxide (CO2), and trace elements like water vapor and hydrogen sulfide (H2S). The
presence of CO2 in biogas causes a reduction in the power output of an SI engine
compared to pure methane or natural gas (Mustafi et al., 2006). SI engines, however,
have a high compatibility with biogas fuel as they can be specifically designed to run on
it. For low power motors, a CI engine is more efficient than a SI engine (Černá et al.,
2014). A CI engine is, however, prone to carbonization from clogging of its injection
nozzles. Due to the mixture of other fuels, the emissions from this engine are also higher
than an SI engine (Mustafi et al., 2006). A SI engine which runs on biogas alone has low
emissions because biogas combustion is associated with a low amount of greenhouse gas,
dust, particles, and NOx emissions (Mustafi et al., 2006). Elements like water vapor and
H2S in unpurified biogas fuel can easily corrode the engine and exhaust of an ICE
(Energypedia, 2016). Water vapor can be removed through condensation, while hydrogen
sulfide can be removed using an external chemical treatment in a filter. The chemical
treatment could either be iron-hydroxide or activated carbon.
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SI engines in the Nigerian generator market are mainly designed to run on petrol. They
come in small sizes typically within the range of 0.5 – 10.5 kVA (BetaPrices, 2022).
Biogas gensets on the other hand are often large gensets in the MW scale range. Nigeria
has a well-established diesel generator market with abundant suppliers and skilled
technicians that can handle the installation and maintenance of these gensets. Diesel
engines designed for stationary use can be converted to operate on biogas. This is done
by changing the fuel injection system from a compression ignition system to a spark plug
ignition system, installing a carburetor for air-fuel mixing, and changing the compression
ratio (Siripornakarachai, 2009; Tun, 2008). Gas genset suppliers like Clarke Energy
specialize in the distribution of gas generators and also the modification of diesel engines
into gas engines (Clarke Energy, 2022).
2.2.5 Valorization of the Digestate
The by-product of the anaerobic digestion of organic waste is known as digestate.
Digestate is a semi-solid substance rich in nutrients that can serve as fertilizer for
agricultural purposes. A fertilizer is an organic or synthetic material applied to soil to
replenish certain nutrients (nitrogen, potassium, and phosphorus) in the soil. Asides these
nutrients, the digestate from the AD of organic waste contains micro and macro nutrients
that are essential to plant growth. It can also be used to enhance the physical, chemical
and biological properties of soil (AZEUS, 2018). The digestate produced from a wetanaerobic digestion process consists of 90-98% liquid and 2-8% dry matter (Ambarish,
2014). Although it can be applied directly applied to soil, it is expensive to store and
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transport digestate with a high percentage of liquid (Ambarish, 2014). Liquid digestate
can be further processed using the technologies in Table 3.
Table 3: Technologies for processing digestate from the anaerobic digestion of organic
waste (Ambarish, 2014; Rehl & Müller, 2011)
Technology
Conventional
Digestate
Management
Composting

Belt Drying

Drum Drying

Solar Drying

Thermal
Concentration

PhysicalChemical
Treatment

Characteristics
Digestate is stored in a storage tank for a time period and transported afterwards to a
farmland where it is spread on the soil.
Digestate is dewatered to separate the liquid and solid content. The solid part is then
composted using an open or closed windrow composting system. The solid compost
soil can be bagged and sold as organic fertilizer while the liquid digestate can be
transported to a farmland or reused in the AD process.
Digestate is dried by mixing it with dry and fresh digestate with no more than 20%
water content, while hot air with a maximum temperature of 85°C is blown over it.
Afterwards it is pelletized and packaged as an organic fertilizer.
Digestate is dewatered to separate the liquid and solid content, then dried on the
surface of a rotating drum that’s heated from the inside. Afterwards the dry solid is
pelletized and packaged as an organic fertilizer.
Digestate is dewatered, leaving up to 65% water content in the solid part. The solid
digestate is then dried under direct sunlight in a green-house dryer that is covered
with transparent polycarbonate sheets.
A decanter is used to separate the solid and liquid content of the digestate. The liquid
part is then vaporized by heating it with hot steam and adding chemicals that separate
it into specific nutrients and water. The solid digestate can be directly applied to
farmlands.
Digestate is dewatered to separate the liquid and solid content. The solid digestate can
be directly applied to farmland as fertilizer. While the liquid digestate is treated using
micro-filtration, reverse osmosis and ion exchanger to produce clean water and a
concentrated liquid rich in nutrients that can be used as fertilizer.

Among these seven technologies, solar drying, composting, and physical-chemical
treatment have been found to be more suitable than the conventional digestate
management method, in terms of resource use reduction and environmental impacts (Rehl
& Müller, 2011). Further processing of digestate increases the concentration of nutrients
in it, reduces the cost of transporting it to farmlands, and creates a new market for organic
fertilizers (Ambarish, 2014). Digestate can either be processed at the biogas plant site or
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at a different facility. The preferred option for processing digestate is dependent on the
cost of, and available space for processing the digestate.
The use of digestate as fertilizer displaces the energy from fossil fuels required for the
production of synthetic fertilizers. Organic fertilizers can however be more expensive
than synthetic fertilizers as a larger amount is needed to supply the same quantity of
nutrients due to the smaller concentration of nutrients per pound (Miller, 2018). Studies,
however, show that over time, organic fertilizers provide a better crop yield, due to the
additional benefits they provide to the soil (Doyeni et al., 2021; Koszel & Lorencowicz,
2015). In addition to this, the slow release of nutrients from organic fertilizers prevent the
leaching of nutrients into groundwater, while its ability to fully decompose prevents the
buildup of toxic concentrations of salts in the soil (Miller, 2018).
In Nigeria, synthetic fertilizers are mostly used for farming (Gustafson, 2016). This is due
to the subsidization of synthetic fertilizers for farmers. A study by AGRODEP8
recommended that the Federal Government extend its subsidy scheme, which is geared
towards increasing the kg per hectare of fertilizer usage in farming, to organic fertilizers
to prevent crowding out of organic fertilizers by synthetic fertilizers (Alabi et al., 2016).
The mean price of unsubsidized urea fertilizer in Nigeria is $0.99/kg of which 47% is
subsidized by the government (Bonilla Cedrez et al., 2020).

8

African Growth and Development Policy Modeling Consortium
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2.3 Economics of Mini-Grid Systems
The cost of electricity generation from a mini-grid is determined by the location and
technology used. The location impacts the type and availability of the energy resource
used for the mini-grid system, while the technology determines the cost and efficiency of
conversion of the energy resource to electricity. This section covers a review of studies
on the economics of electricity generation using mini-grid systems. Due to the prevalence
of mini-grids in rural communities, most of the research and literature covered in this
section focuses on off-grid systems in remote areas of Nigeria. These systems are
typically under 100 kW in size. As at 2015, there were 11 privately owned mini-grids
serving about 9,100 people at an average tariff of $0.36/kWh (Castalia, 2017).
In a study on hybrid renewable power supply for rural health clinics in villages that are
not connected to the grid, the authors assessed the solar and wind potential of six select
sites, located in the six geo-political zones of Nigeria, and the optimal configuration of a
hybrid power system consisting of Solar/Wind/Diesel/Battery (Olatomiwa et al., 2016).
Based on the COE, they found that the optimal system configuration for sites in the
South-West (SW) and South-South (SS) zones is PV-Diesel-Battery, while PV-WindDiesel-Battery is optimal for sites in the South-East (SE), North-Central (NC), NorthWest (NW), and North-East (NE) zone of the country (See Table 4). For all the sites
considered, a diesel-only system was the costliest with a COE equal to $0.911/kWh. The
estimated energy consumption of the clinics ranged from 4.4 – 10.3 kWh/day.
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Table 4: Summary of the cost of energy of the hybrid power systems in the study done by
(Olatomiwa et al., 2016)
Site

Zone

System Configuration

Iseyin
Sokoto
Maiduguri
Jos
Enugu
Port-Harcourt

SW
NW
NE
NC
SE
SS

PV-Diesel-Battery
PV-Wind-Diesel-Battery
PV-Wind-Diesel-Battery
PV-Wind-Diesel-Battery
PV-Wind-Diesel-Battery
PV-Diesel-Battery

COE
($/kWh)
0.476
0.336
0.391
0.324
0.449
0.482

Another study by Esan and five others found the levelized cost of generating electricity
for a typical Nigerian rural community using a Solar-Diesel-Battery system to be
$0.396/kWh (Esan et al., 2019). The community used as a case study is Lade II town in
Kwara State. Although Kwara State is located in the NC zone of Nigeria, it has similar
weather patterns with states in the SW zone. The authors used HOMER to optimize the
size of the components in the Solar-Diesel-Battery system for a 2.5 MWh/day residential
and 171 kWh/day commercial load. The optimized system consists of a 1.5 MW solar PV
array, 350 kW diesel generator, and 1.2 MWh battery storage.
For operational mini-grid systems, a 2018 report on the mini-grid market in Nigeria
found that mini-grid operators charge their customers between ₦120 - ₦300/kWh or
$0.34 – $0.86/kWh (Yakubu et al., 2018). The report is based on an audit of ten mini-grid
sites in the country. Nine of the ten sites audited used solar-battery systems, while the
tenth used a solar-diesel-battery system. The communities served had a mix of residential
and commercial users with a daily usage that ranged from 16 - 300 kWh. Other economic
details of the mini-grid systems can be found in Table 5. The mini-grids were funded
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through a mix of debt, equity, and grants, while the business model mostly used for the
execution was the mini-grid operator led model.
Table 5: Summary of the cost and characteristics of ten mini-grid sites audited in an RMI
study on Nigeria’s mini-grid market (Yakubu et al., 2018).
Metric
Tariff
System size
Capital expenditure
Operating
expenditure/annum
Load

Range
₦120 – ₦300/kWh
(US$0.34 – 0.86/kWh)
16 – 100 kW
₦30 – ₦100 million
(US$90 – $300 thousand)
₦0.3 – ₦2.4 million
(US$600 – $6,900)
16 – 300 kWh/day

Median
₦200/kWh
(US$0.578/kWh)
45 kW
₦50 million
(US$140 thousand)
₦0.69 million
(US$2,000)
218 kWh/day

2.3.1 Economics of Biogas Mini-Grids
The use of biogas as an energy source for mini-grids is quite rare in Nigeria. One of the
few systems in operation is the 20-kW biogas power plant built by Ajima Farms for Rije
village in the Federal Capital Territory, Abuja (Vanguard, 2016). The project was
sponsored by a 100,000 USD grant provided by the United States African Development
Foundation (USADF). Agricultural waste from Ajima Farms and other commercial farms
around the village is used to generate biogas for the mini-grid system, while the
electricity generated is sold to the residents in the village.
In Ibulesoro community, Ondo State, there is a pilot biogas project built by the Federal
College of Agriculture, Akure, Ondo State, and funded by the West Africa Agricultural
Productivity Program (Nextier Power, 2018). The biogas plant uses cow dung to generate
biogas, which is then used to generate electricity and cooking gas. Adewale Zacchaeus, a
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small-scale farmer in the community, is the primary beneficiary of this project along with
other members of his community. Available publications on the two biogas projects do
not provide information on the cost of electricity generated or the price at which it is sold.
For biogas hybrid mini-grid systems, a study on backup solutions for an unreliable grid
found that a PV/Biogas system is a more viable back-up solution for an unstable grid
compared to a PV/Diesel system (Sanni et al., 2021). The viability of the system was
determined based on a techno-economic analysis of each case using HOMER software.
The load in the study was a central abattoir in Ado-Ekiti, Ekiti State, which is located in
the South-West region of Nigeria. HOMER’s optimization algorithm resulted in a 40-kW
solar PV array and a 20-kW diesel genset for the PV-Diesel system and a 10-kW solar
PV array and a 20-kW biogas genset for the PV-Biogas system. The PV-Diesel system
had a larger solar array to reduce the O&M cost of the system. Despite this, the COE of
the PV-Diesel system was higher than that of the PV-Biogas system with the respective
values being $0.280/kWh and $0.164/kWh. The grid supplied 10% in the PV-Diesel case
and 13% of the load demand in the PV-Biogas case. Asides cost, the CO2, CO, NOX, and
SO2 emissions in the former case was worse than that in the latter case, even with the low
annual diesel genset runtime. This shows that diesel is a dirtier fuel than biogas. In this
study, paunch waste was used as feedstock to produce biogas in an anaerobic digester.
Being onsite, transportation costs were not incurred to make use of the waste. There was
also no cost attached to the use of the waste, as it was gotten from the facility the system
was designed to power.
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2.3.2 Electric Loads Associated with Food Markets
Based on REA’s market survey data (REA, n.d.-b), the major business activities in
Nigerian markets are the sale of raw food items, processed/packaged foods and drinks
(provisions), clothing, cosmetics, electronics, and stationery, along with services such as
cybercafes, hair salons, tailor shops, betting shops, and others. Food markets, where raw
food items are sold, are typically open stalls, while other markets such as textile,
electronics, household items, are closed shops. Electricity is primarily used for lighting,
cooling, and refrigeration in these markets. Hence the typical loads found in these
markets include: light bulbs, fans, refrigerators, deep freezers, radio, television sets,
computers, printers, routers, hair clippers, and hair dryers.
In the second phase of the EEI scheme, 22 markets in the SW region of the country were
surveyed to determine their energy needs, current energy expense, and percentage of
electricity supply from the grid (REA, n.d.-b). Fourteen of the markets are in Lagos State,
while the remaining eight are in Abeokuta, Ibadan, and Ado-Ekiti, which are major cities
in the South West of Nigeria. The number of shops in each market is dependent on the
size of the market. For the markets in Lagos, the number of shops in the market survey
ranged from 31 to 8153, while the load demand ranged from 20 kW to 1200 kW. The
data from the market survey shows that the total market load is more dependent on the
activities in the market than the number of shops in it (See Figure 7).

Load Demand (kW)
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Figure 7: Comparison between the load demand and number of shops in 14 markets
audited by the REA. Source: REA.
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CHAPTER 3: METHODOLOGY

The methods used for this thesis are divided into three sections: technical, economic and
environmental analysis. The aim of the technical analysis is to determine the market’s
electricity load and quantify the available biomass and solar energy resource at the case
study market. The methodology used for the sizing and simulation of a mini-grid system
that can power the market load is also detailed in the technical analysis section. In the
economic analysis section, metrics used to determine the mini-grid system’s economic
viability are defined along with the formulas and tools used for the calculation. The last
section contains a description of the modeling tool used for the environmental analysis,
the methodology and emission factors used by the tool, and the data inputs and outputs of
the tool.

3.1 Technical Analysis
The technical analysis will cover the following areas:
1. Market Load Assessment
2. Organic Waste Resource Assessment
3. Solar Resource Assessment
4. HOMER Pro System Analysis
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3.1.1 Market Load Assessment
The electricity load assessment is based on a market survey carried out by Ridwan
Adebayo9. Ketu Fruit Market consists of 960 shops. This is split into 48 blocks of shops
with each block containing 20 shops. The shops have concrete walls and an aluminum
roof, and are built in an open-air format. The energy demand of the market was
categorized into two based on potential business solutions for meeting the energy needs
of the market:
1. Cooling as a Service
2. Power as a Service
The Cooling as a Service (CaaS) solution involves providing cooling storage to the
market traders using refrigerated containers (reefers) for the preservation of food items
sold at the market. To preserve fruits and vegetables, two key factors to consider are
temperature and humidity (Tan, 2016). Fruit and vegetable storage both require low
temperatures and high humidity to reduce respiration and lower transpiration rates. The
temperature requirement however varies, with leafy vegetables and temperate fruits
requiring lower temperatures (between 0-2°C) than tropical fruits (above 13°C) (Tan,
2016). A 40-foot reefer operates typically on a 400V, 32 A circuit, with a maximum
power rating of 18 kVA and an average hourly energy use of 2.89 kWh (EPRI, 2010).
This average hourly use is the basis for my estimate of the energy demand. Using TRT’s

9

Ridwan Adebayo is an Electrical Engineer currently doing his masters in Electrical and Electronics
Engineering at the University of Lagos. He also works as a design engineer for a power infrastructure
company in Nigeria.
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proposed project plan of four, 40-foot reefers, the total daily energy demand for cooling
storage was found to be 277 kWh and the maximum power demand was 58 kW. A 40foot reefer contains a storage space volume of approximately 68 m3 (ALMAR, 2020).
The Power as a Service (PaaS) solution involves providing electricity to all the shops in
the market in addition to the cooling storage. There are four types of businesses in the
market: foodstuff trading, provision and drink stores, barbing salons, and phone charging
stations. In addition to these businesses, there are public toilets, categorized as ‘Other
Loads’, that require electricity for their operation and maintenance. Assumptions made to
determine the energy and power demand of each business/load type are as follows. The
assumptions are based on observations from the market survey conducted by Ridwan and
data from a study on the average wattage of basic electrical appliances (Olaniyan et al.,
2018).
1. Foodstuff Trading – These users make up the bulk of shops in the market. A total
of 948 shops fall into this category. Their primary energy need is for the lighting
of their shops and the market perimeter which aids night delivery of the goods
sold in the market. Each shop was assumed to have one 11 W light bulb used for
12 hours per day.
2. Provision and Drink Stores –These shops deal with the sale of groceries
(provisions) and cold beverages. Hence their primary energy need is lighting and
refrigeration. A typical store has one fridge and freezer used to chill the beverages
sold, and light bulbs for illumination as the shops have some form of enclosure
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for safety. Some of these stores also provide phone charging services. This was,
however, categorized as a separate load in this assessment. For the load
assessment of the provision and drink stores, each shop was assumed to have two
11 W light bulbs, one 80 W fan, a 60 W radio, a 225 W fridge, and 286 W freezer.
The lights, fan, and radio were assumed to be used for 12 hours in a day, while the
fridge and freezer were assumed to be used all day. There are ten shops that fall
into this category.
3. Barbing Salon – There are two barbing salons in the market. These users require
electricity for lighting, cooling, and powering appliances such as hair clippers and
sterilizers. Each shop was assumed to have two 11 W light bulbs, one 85 W fan,
one 205 W television, and four 11 W hair clippers. The light bulbs, fan, and
television were assumed to be used for 12 hours and the hair clippers for eight
hours.
4. Phone charging station - There are four phone charging stations in the market.
The providers of this service do not own shop outlets in the market but use
electricity in charging the phones of traders that do business in the market. The
stations are attached to other businesses in the market but treated as a separate
load in this assessment. Each station was assumed to use one 11 W light bulb for
12 hours and charge 50 phones per day using a 3 W charger, with each phone
receiving a 2-hour charge.
5. Other Loads– The market has three blocks of public toilets that require electricity
for lighting and powering water pumps. Each toilet block was assumed to have
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five 11 W light bulbs and one 1.5 hp water pump. The lights were assumed to be
used for 12 hours in a day and the pump for 2 hours. Also included under this
category is the energy demand for perimeter lighting, which consists of one 30 W
flood light per block (including the toilet blocks).
6. Cooling Storage – The assessment made for energy and power demand under the
CaaS solution was used for this load category.
The total daily energy demand in the market was found to be 582 kWh, and the
maximum power demand was 81 kW. The breakdown of this figure according to the
load categories in the market can be found in Table 6 below.
Table 6: Power and energy demand of the loads in Ketu Fruit Market based on the market
load assessment conducted.
Load Category
Foodstuff Trading
Provision and Drink
Stores
Barbing Salon
Phone charging station
Other Loads
Cooling Storage
TOTAL

Power
(kW)
10.4
6.7

Daily Energy demand
(kWh)
125.1
142.1

0.7
0.6
3.5
57.6
81.2

8.2
1.7
8.7
277.4
581.6

3.1.2 Organic Waste Resource Assessment
The organic waste resource assessment covers the quantification and characterization of
the organic waste generated at the Ketu Fruit Market. Data on the quantity of waste
produced at Ketu Fruit Market was obtained through phone call interviews with the
technical lead of the biogas project at the market, the chemical properties from literature
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on fruit waste streams, and the biomethane potential from the result of the pilot test
conducted by TRT. The organic waste stream at Ketu Fruit Market consists of rotten
fruits such as oranges, avocados, pineapples, bananas, watermelon, pawpaw, coconut,
mango, and apples. It also includes vegetables such as cabbage and carrots. Other food
items such as yams, plantains, and corn husks also end up in the waste stream. The
composition of the waste varies by season. Nigeria has a tropical climate marked by two
seasons: rainy and dry season. During the rainy season, which lasts from late March to
September, some of the foods in season include: watermelon, tangerines, avocado,
soursop, pineapples, cucumbers, and corn. During the dry season, which is from October
to early March, some of the foods in season include: carrots, cherry, sugar cane, yams,
oranges, lemons, limes, and yams. Some food items available all year round include:
bananas, pawpaw, and garden eggs.
Fruits generally contain between 80 - 90% water. Table 7 shows the typical chemical
composition of fruits consumed in Nigeria. Most of the fruits have a high carbohydrate
content compared to protein, lipid and fiber. As explained in the Section 2.2.1, the
anaerobic digestion of organic waste breaks the complex compounds in the waste into
biogas which consists of methane, carbon-dioxide, and other trace elements.
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Table 7: Chemical composition of fruits sold in Nigerian markets. Source: (Ekpete et al.,
2013).
Fruit
Banana
Guava
Pawpaw
Orange
Apple
Watermelon
Soursop
Bush mango
Pineapple

Moisture
(%)
79.58
80.53
87.30
75.00
85.05
89.60
80.25
77.30
85.07

Carbohydrate
(%)
15.95
15.43
18.26
18.46
13.55
7.50
16.05
15.97
12.06

Protein
(%)
1.25
1.28
0.82
0.87
0.29
1.05
0.51
0.61
0.39

Lipid
(%)
0.99
0.53
0.65
0.11
0.40
0.55
0.69
0.21
0.10

Crude fiber
(%)
0.75
0.21
1.23
3.55
0.00
1.50
0.77
3.50
0.61

The biomethane potential of the waste stream at Ketu Fruit Market was determined using
results from tests carried out on a pilot biogas system built at the market. The pilot
system was set up by TRT to gather data on the biomethane potential of the market’s
waste for the CaaS project. The pilot system consists of a ten cubic meter PVC tank
(biodigester) and a one cubic meter plastic bag storage. The pilot system was built
following the design of a continuous digester. At the top of the tank are two pipes, inlet
and outlet, through which waste is fed into and removed from the tank. A heat exchanger
beside the tank is used to keep the substrate in the tank at a fixed temperature. The heat
exchanger consists of stainless pipes that are used in transferring heat from boiling water
into the tank. Future design would incorporate heat from the flue gas of a biogas
generator. A schematic diagram showing the process flow and components of the system
can be found in Figure 8 and a picture of the pilot system in Figure 9.
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Figure 8: Schematic layout of the pilot biogas system built at the Ketu fruit market by
Togata Renewable Technologies.

Figure 9: 10m3 pilot biodigester system built at the market by Togata Renewable
Technologies. Source: Aniche Phil-Ebosie
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To ensure system stability during digestion, the temperature and pH of the substrate in
the tank are monitored. High acidity levels are counteracted by introducing water or cow
manure into the biodigester. The biogas collection system consists of a flexible tube
installed at the top of the tank and a H2S (hydrogen sulfide) cleaner made up of iron
fillings to remove impurities from the gas before it is used.
Post digestion, the by-product digestate is extracted via displacement method as fresh
waste is introduced into the tank. The inlet pipe runs through to the bottom of the tank,
while the waste is pumped into the tank at a low pressure to prevent the freshly
introduced waste from mixing with the digested waste. There is however no way of
totally preventing this mixture from occurring. Hence, it is recommended that the
digestate be kept in a reservoir for three months to ensure complete digestion. Due to
space constraints at the market, there are no plans for a digestate reservoir as it is usually
10 times the size of the digester which would require a lot of space. A better alternative
would be to use a horizontal plug flow reactor as it creates a pushing effect and ensures
what is being pushed out is the digested waste. A vertical digester was however used for
the pilot system as it maximizes the available space in the market and leaves room to
scale up the system in the future.
As explained in Section 2.2.1, the biogas potential of organic waste is determined by the
organic loading rate, hydraulic retention time, pH-value, temperature, presence of
nutrients, and presence of contaminants. For the pilot test, 80-100 kg of waste was
collected daily and ground to a pulp using a local grinding machine. The waste substrate

43
was diluted with water in a 1:1 ratio to create a slurry. Next, it was pumped manually into
the biodigester from a 0.2 m3 drum, and biogas was collected following a 30-day
retention period. The biomethane potential of the waste was found to be 0.055 m3 CH4/
kg biomass digested. Digesting 80-100 kg per day of organic waste at a temperature of
32°C produced around 8 m3 of biogas per day with a methane concentration between 5560% of the biogas. This result was used as-is in the simulation of electricity generation
using biogas fuel (See Section 3.1.4).

3.1.3 Solar Energy Resource Assessment
Nigeria is a country with an abundant solar energy resource. A map of the country
showing the long-term average global horizontal irradiance can be seen in Figure 10. The
average daily radiation ranges from 4.2 kWh/m2 to 6.2 kWh/m2, depending on the region
of the country. The case study for this thesis is located in Lagos, Nigeria whose average
daily solar radiation is approximately 5 kWh/m2. Ketu Fruit Market specifically which is
located at longitude 6.6°N and latitude 3.4°E, has an annual average daily solar radiation
equal to 4.7 kWh/m2 (NASA, 2021). The available space for a solar PV array is the
rooftop of the shops in the market.
Using R programming software, the 20-year average hourly solar radiation data (kW/m2)
for the site was determined based on 2001-2020 hourly solar radiation data obtained from
the National Aeronautics and Space Administration, NASA (NASA, 2021). The
maximum possible size of solar PV array that can be installed at the market was also
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determined using the rooftop area in the market and optimal azimuth angle for the solar
panels to be installed. The roof pitch was assumed to be 30° from visual inspection of the
roof. The shops have a North-South facing roof made of aluminum which is suitable for
roof mounted solar installations. There is possibility of shading from the multi-floor
ultra-modern market being constructed beside the fruit market on some of the roofs. As at
the time of the survey, there were no significant sources of shading present.

Figure 10: Solar resource map of Nigeria showing Global Horizontal Irradiation
distribution across the country (Solargis, 2019).
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3.1.4 HOMER Pro Software Analysis
Hybrid Optimization of Multiple Energy Resources (HOMER) software is a modeling
tool developed by the United States National Renewable Laboratory (NREL). HOMER
allows for the techno-economic assessment of hybrid renewable energy systems (HRES).
The software has algorithms that enable the simulation of the operation of a HRES and
optimization of the size of the components in the system. Optimization is done based on
the net present cost of each system configuration modeled. HOMER can be used to
model energy systems with conventional and/or renewable energy technologies, as
standalone or grid-connected systems. To carry out an analysis in HOMER, the user
would need to provide input data such as a load profile, meteorological data, equipment
characteristics, and economic data (Bahramara et al., 2016). Although HOMER’s
simulation model is not as detailed as other time-series simulation models like Hybrid2,
PV-DesignPro and PV*SOL, it has greater flexibility as it is able to simulate a diverse
number of systems with limited input complexity, fast enough computation, and also
provide a practical sensitivity analysis (Lambert et al., 2006).
The HOMER analysis for this thesis involved modeling the operation of an off-grid minigrid system powered by different combinations of biogas-based generators, solar PV
generators, and battery storage systems. HOMER was used to simulate technically
feasible and economically viable combinations of these resources for the load in the CaaS
and PaaS energy solutions proposed for the market. Listed below are the data inputs
entered into HOMER software.
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1. Load data: This is the primary load profile for each business solution as
determined in Section 3.1.1 – Market Load Assessment. The reefer load was
manually adjusted in HOMER to peak in the early morning, midday, and evening
to match periods where the market traders would be taking out or putting back
goods into the container10.
2. Solar data: Hourly solar radiation in kW/m2 for a whole year based on the 20-year
average of 2001-2020 solar radiation data obtained from NASA.
3. Biomass data: This includes the biomass feedstock quantity, price, carbon
content, gasification ratio, and LHV of biogas. Data inputs are summarized in
Table 8.
a. Biomass feedstock quantity (kg): daily amount of organic waste generated
in the market. According to data obtained from TRT, Ketu Fruit Market
produces 50 tonnes of organic waste daily.
b. Price ($/ton) – assumed to be zero since the organic waste will be obtained
from the market at no cost.
c. Carbon content (%) – This is the carbon content of the biomass feedstock
as a mass-based percentage. The carbon content of the organic waste was
assumed to be 43% (Lin et al., 2011).
d. Gasification ratio (kg/kg): This is the ratio of biogas generated to the
biomass feedstock fed into a gasifier. HOMER assumes that the biomass
feedstock is converted into biogas in a gasifier. Since this study is focused
10

A graphic representation is available in Section 4.1.1
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on the production of biogas using anaerobic digestion technology, the
gasification ratio was taken to be the biogas potential of the organic waste
determined under the organic waste resource assessment in Section 3.1.2.
Given an organic loading rate of 80 kg/day, a biogas output of 8 m3/day,
and biogas density of 1.18 kg/m3 (Masebinu et al., 2018), the gasification
ratio was found to be equal to 0.118.
e. Lower Heating Value of biogas (MJ/kg): LHV is the energy content of the
biogas produced. Due to variations in the methane content of biogas, the
LHV ranges from 16-28 MJ/m3 (IEA, 2020). Assuming a median LHV
value of 22 MJ/m3 and a biogas density of 1.18 kg/m3 (Masebinu et al.,
2018), the LHV value of the biogas is 19 MJ/kg.
Table 8: Summary of biomass data entered into HOMER
Parameter
Biomass feedstock quantity
Price
Carbon content
Gasification ratio
LHV of biogas

Value
50,000 kg/day
$ 0.00
43 %
0.118
19 MJ/kg

4. Selected components: The following components were selected for the mini-grid
system analysis; biogas generator, solar PV panels, battery, bi-directional inverter,
and controller.
a) Biogas generator – An “auto-size” genset that runs on biogas fuel was
selected in HOMER as the biogas genset. HOMER defines the capacity of
the generator as the smallest size that will produce no capacity shortage
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during the project lifetime and in all sensitivity cases. The genset has a
25% minimum load ratio, 0% CHP heat recovery, and a 30,000-hour life
span.
b) Solar PV Panels – The solar panel used for this analysis is the SunPower
E20-327 solar module (SunPower, 2017). This is a 327 Wp
monocrystalline panel with an average efficiency of 20.4%, operating
temperature of 45°C, temperature coefficient of -0.38 %/°C, and a 25-year
life span. A derating factor of 88% was used to account for factors that can
reduce the output from the solar array such as soiling, wire losses, and
aging. The tilt angle was set at 30° and the azimuth angle at 180°.
c) Battery – A generic 12 V, 1 kWh lead acid battery was selected for battery
storage modeling. The battery has a round trip efficiency of 80%, charge
current of 16.7 A, and maximum discharge current of 24.3 A. The battery
was modeled as a kinetic battery11 with the minimum state of charge set to
40%, and throughput and life span assumed to be 1,200 kWh and 10 years
respectively (Power Sonic, 2019).
d) Bi-directional Inverter – A generic, auto size bi-directional DC to AC
converter was used for this analysis. The inverter and rectifier input of the
converter each have 95% efficiency, and the converter has a life span of

11

The Kinetic Battery model is a two-tank system that separates the "available energy" for electricity
generation from the "bound energy" that cannot be used. The “bound energy” in the battery is determined
by the minimum state of charge.
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15 years. The converter was modeled to run in parallel with the AC biogas
generator.
e) Controller – The controller was set up to operate following the cycle
charging strategy. The cycle charging strategy operates the generator in
the system to meet the primary load and other loads in the system such as
battery charging or deferable loads. HOMER does this by determining the
combination of power sources required to satisfy the primary and thermal
load in the system at the least cost, then it ramps up the generator output
accordingly, if it is the least cost option.

3.2 Economic Analysis
The economic analysis is aimed at determining the economic viability of providing CaaS
and PaaS to a fruit market via a mini-grid system. To invest in such a project, it is
important to know the cost of producing electricity with the equipment in the mini-grid,
the upfront and running cost of the system (fixed or variable), and the revenue generation
potential of the mini-grid over its lifetime. The analysis was done using HOMER and
Microsoft Excel. The metrics used for the analysis include: net present cost (NPC), cost
of energy (COE), net present value (NPV), and internal rate of return (IRR). HOMER
was used to determine the NPC and nominal cost of the equipment in the mini-grid, while
Microsoft Excel was used to determine the COE, NPV, and IRR of the mini-grid system.
The analysis done by HOMER only includes costs associated with the components of the
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mini-grid system, while the analysis in Excel includes costs associated with a biodigester
for systems with a biogas genset. In addition, HOMER assumed a salvage value for the
mini-grid components at the end of the project life which was excluded in the Excel
analysis.

3.2.1 Project Costs
The project costs used in this analysis are classified into three: capital costs, operation
and maintenance (O&M) cost, and replacement cost. The capital cost is the upfront cost
of purchasing and installing the equipment that make up the mini-grid system. O&M cost
is a fixed or variable cost measured over a period of time (often on an annual basis) for
the operation and maintenance of the mini-grid system. Lastly, replacement cost is the
cost at which a component or part of a component of the system would be replaced at the
end of its life span given a project duration of 25 years.
Cost assumptions made for the biodigester and mini-grid system components can be
found in Table 9. The capital and replacement costs of each component were assumed to
be the same. While the O&M costs of the solar panel, battery, and bi-directional inverter
were assumed to be 1% of their respective capital costs (PFS, 2017) due to unavailability
of individual O&M costs for these components. For costs obtained in Nigerian naira, an
exchange rate of 414 naira/US dollar (CBN, 2022) was used in converting to U.S. dollars.
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Table 9: Summary of project cost assumptions.
Component
Biodigester
Biogas genset
Solar panels
Battery
Inverter
Controller

Capital Cost
3

$300 /m
$457 /kVA
$630 /kW
$298 /kWh
$590 /kW
$672

Reference
(Mohammed et al., 2017)
(Okafor, 2021)
(Solar Depot, 2022)
(Solar Depot, 2022)
(Solar Depot, 2022)
(Solar Depot, 2022)

O&M Cost
3

$30 /m
$0.0123 /kWh
$6.30 /kW
$2.98 /kWh
$5.90 /kW
-

Reference
(Lemonde, 2019)
(Igbokwe, 2019)
(PFS, 2017)
(PFS, 2017)
(PFS, 2017)
-

Other assumptions made for the project cost are as follows.
1. Biodigester - The capital cost of the AD was assumed to be $300 per cubic meter
of digester (Mohammed et al., 2017). The cost of a biogas plant is, however,
dependent on the size and location of the plant. In a study carried out in South
Africa by Amigun and Von Blottnitz, the cost of biogas plant projects was found
to vary from $84.0 - $356.5 (2004 USD) per cubic meter of digester (Amigun &
Von Blottnitz, 2010). The O&M cost of a biodigester is between 1-10% of the
CAPEX (Lemonde, 2019). O&M of the system involves daily loading of organic
waste into the biodigester, monitoring of plant operations, and maintenance of the
system. Biodigesters have a lifespan of above 20 years (Sistema.bio, n.d.). This is
however highly dependent on proper management of the system. The biodigester
for this study was assumed to have a life span of 25 years.

2. Biogas generator - For the economic analysis in this thesis, the biogas genset was
assumed to be a diesel genset modified to operate on biogas fuel. To account for
the engine modification of the diesel genset, the capital cost was assumed to be
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5% higher than the average cost of a diesel genset. This assumption is based on
best judgement of the modification cost as no external source was found to
support it. The O&M costs were assumed to be the same as that incurred for a
diesel genset. A modified diesel genset was selected due to unavailability of open
source data on gas generator costs in Nigeria. Based on generator prices obtained
from Naija tech guide blog, the capital cost of purchasing a diesel genset was
found to be $435/kVA (Okafor, 2021). This was deduced by calculating the
average of the upper limit of the cost range provided for diesel gensets between
20 kVA and 200 kVA capacity. To include the cost of taxes, delivery, and
installation of the genset, the cost per kVA was assumed to be the cost per kW of
the genset, providing a 20% buffer for these additional costs. The O&M cost was
assumed to be $0.0123/kWh (Igbokwe, 2019). O&M consists of fueling and
servicing the genset, which will be done by a trained technician.

3. Solar PV Panels – A solar panel consists of photovoltaic cells that generate
electricity from sunlight. The PV cells are either monocrystalline, polycrystalline,
or thin-film cells. Monocrystalline solar modules are best suited for tropical
climates, as they perform better than other cell types at high temperatures. A
monocrystalline solar PV panel was selected for this analysis (See section 3.1.4),
and the average capital cost was found to be $0.63 per watt based on prices of
monocrystalline solar panels obtained from a retail solar supplier in Nigeria (Solar
Depot, 2022).
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4. Battery – Batteries serve the purpose of energy storage in a solar PV system.
Batteries differ according to their chemical composition. Examples include, leadacid, lithium-ion, and sodium nickel chloride. For this analysis, a lead-acid battery
with 80% round trip efficiency was selected. The average capital cost of a leadacid battery was assumed to be $298/ kWh based on the prices of lead acid
batteries obtained from a retail solar supplier in Nigeria (Solar Depot, 2022).

5. Bi-directional Inverter – The bi-directional inverter selected for this analysis was
assumed to have a capital cost of $590/kW based on average bi-directional
inverter prices obtained from a retail solar supplier in Nigeria (Solar Depot,
2022).
6. Controller – Based on prices obtained from (Solar Depot, 2022), the controller
selected was assumed to have a capital cost of $672. While electronic components
such as controllers do need to be replaced periodically (e.g. after 10 to 15 years),
this cost is small and was not included in the analysis.

3.2.2 Project Finance Metrics
The metrics used to assess and compare the viability of the mini-grid options optimized
by HOMER are listed below.
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1. Net present cost (NPC): This is the present value of the sum of all costs incurred
and revenue generated over the lifetime of a project. It is determined by summing
the discounted cash flow in each year of a project’s lifetime. Costs and revenues
are discounted in HOMER using a “real discount rate” which factors the expected
inflation rate during the project’s lifetime and the project’s nominal discount rate
(See Equation 4). The discount rate is the rate at which future cashflows of a
project are discounted when calculating its NPV12 (Majaski, 2021). It is usually
taken as the weighted average capital cost of doing a project. The nominal annual
discount rate for this project was assumed to be 15.29%, which is the levered
discount rate of ground-mount solar PV projects in Nigeria based on a survey
carried out by Grant Thornton on renewable energy discount rates in Africa
(Thornton, 2018). The expected annual inflation rate was assumed to be 13.25%
(Statista, 2021).
For this analysis, the costs considered in HOMER include: capital costs,
replacement costs, operation, and maintenance costs. HOMER assumes the
project revenue to be the salvage value of the components in the mini-grid system
at the end of the project’s life. NPC is the main economic output from HOMER
and the basis on which it ranks mini-grid system configurations in its optimization
results.

𝑟=

12

𝑖+𝑓
1+𝑓

(4)

NPV stands for Net Present Value. It differs from net present cost in sign alone, that is, NPV = - NPC.
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Where,
r – Real discount rate
i – Nominal discount rate
f – Expected inflation rate
2. Cost of energy (COE): This is defined as the average cost per kWh of useful
electrical energy produced over the project life of a mini-grid system. Although
this metric can be obtained from HOMER, Microsoft Excel was used for the
calculation so biodigester related costs for the mini-grid options with a biogas
genset could be included. The formulas used for the calculation are given in
Equations 5 – 7.

𝐶𝑂𝐸 ($⁄𝑘𝑊ℎ) =

𝐶𝑎𝑛𝑛,𝑡𝑜𝑡𝑎𝑙

𝐶𝑎𝑛𝑛,𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑅𝐹(𝑟, 𝑁) × ∑𝑁
𝑛=0
𝐶𝑅𝐹 (𝑟, 𝑁) =

𝐶𝑛
(1+𝑖)𝑛

𝑟(1+𝑟)𝑁
(1+𝑟)𝑁 −1

Where,
𝐶𝑎𝑛𝑛,𝑡𝑜𝑡𝑎𝑙 – Annualized costs over the project lifetime
𝐸𝑠𝑒𝑟𝑣𝑒𝑑 – Total electricity consumed in a year
CRF – Capital Recovery factor
𝐶𝑛 – Total costs in year “n”
r – Real discount rate
N – Project lifetime (years)

(5)

𝐸𝑠𝑒𝑟𝑣𝑒𝑑

(7)

(6)
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3. Net Present Value (NPV): This is the present value of all costs associated with a
project minus the revenues from the project. The revenue was assumed to come
from the sale of electricity generated from the mini-grid. The price at which
electricity is sold to the market was set using the 2021 first-quarter average net
profit margin of the utility sector – 10.41% (Ross, 2021). The formula used for
the calculation of NPV can be found in Equation 8.

𝑁𝑃𝑉 = ∑𝑁
𝑛=0

𝑅𝑛 − 𝐶𝑛
(1+𝑟)𝑛

(8)

Where,
𝑅𝑛 – Total revenue in year “n”
𝐶𝑛 – Total costs in year “n”
“r” – Real discount rate
“N” – Project lifetime (years)
4. Internal rate of return (IRR): IRR is the discount rate at which the NPV of a
project is equal to 0, which is when the project breaks even (Gallo, 2016). For a
project to be deemed profitable, the IRR must be higher than the organization’s
cost of capital. The internal IRR function in Microsoft Excel was used in
determining the IRR for each mini-grid system option.

3.2.3 Microsoft Excel Analysis
For the economic analysis done in Microsoft Excel, a spreadsheet was designed using
the formulas in Section 3.2.2. The nominal cost of the components in each mini-grid over
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the lifetime of the modeled system were obtained from HOMER and added to the cost
associated with the biodigester. The resulting sum was then used to determine the COE,
NPV, and IRR of each mini-grid system. To determine the capital and O&M cost of the
biodigester, the size of the biodigester was determined using Equations 9 and 10 below.
𝑉𝑅 (𝑚3 ) = 𝑉̈ (𝑚3 ⁄𝑑𝑎𝑦) × 𝐻𝑅𝑇(𝑑𝑎𝑦𝑠)
𝑑𝑎𝑖𝑙𝑦 𝑏𝑖𝑜𝑔𝑎𝑠 𝑢𝑠𝑎𝑔𝑒 (𝑘𝑔/𝑑𝑎𝑦)
𝑉̈ (𝑚3 ⁄𝑑𝑎𝑦) =
×
(𝑘𝑔⁄ )
𝐺𝑎𝑠𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜

𝑘𝑔

(9)
1

𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑘𝑔⁄𝑚3 )

(10)

Where,
𝑉𝑅 – Volume of biodigester

𝑉̈ – Volume flow rate (Volume of biomass fed into the digester per day)
HRT – Hydraulic Retention Time
Gasification ratio - 0.118 (kg of biogas/ kg of biomass)
Substrate density13 – 400.5 kg/m3

13

The feedstock is usually mixed with water in a 1:1 volume ratio in a 200-liter drum before it is fed into
the digester (See Section 3.1.2). Assuming an OLR of 80kg/day, the density of the substrate in the digester
was found to be 400.5 kg/m3.
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3.3 Environmental Analysis
This section describes the method used in determining the environmental impact of the
mini-grid systems optimized by HOMER. The analysis was carried out using the U.S.
Environmental Protection Agency’s Waste Reduction Model (WARM) tool. WARM was
used to compare the carbon dioxide emissions in the baseline scenario (disposal of
market waste at an open dumpsite) and in an alternative scenario (anaerobic digestion of
the market waste).

3.3.1 WARM Tool Design
The WARM tool was created to help solid waste planners and organizations estimate the
impact of waste management practices on greenhouse gas emissions (US EPA, 2016a).
The tool calculates the metric tons of carbon dioxide equivalent (MTCO2E) and metric
tons of carbon equivalent (MTCE) of a baseline and alternative waste management
scenario. Input data required for the calculation are the quantity of waste generated by the
material type and waste management method. WARM applies material-specific emission
factors along with other data inputs which are dependent on the waste management
method selected by the user to determine the GHG emissions and energy use associated
with each waste management scenario. Waste management methods considered include:
source reduction, recycling, combustion, composting, anaerobic digestion, and
landfilling. The emission factors for FVW in WARM are based on a lifecycle assessment
that starts when the waste material is thrown away, and ends when the waste has been
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converted to another product (via degradation or incineration), or has been disposed of at
a landfill (See Figure 11).

Figure 11: Flow chart showing assumptions made in WARM about the lifecycle of fruits
and vegetables. It covers stages in the life cycle that have positive/negative emissions,
stages that are not included in WARM, and stages that are not modelled in WARM (ICF,
2016).

The methodology used for the lifecycle assessment is detailed in documentation provided
by the EPA on their website (US EPA, 2016a). For landfilling technology, factors
considered in determining GHG sources and sinks include: CO2 emissions from
transportation to landfill, landfilling technology (presence of gas capture), CH4 emissions
from anaerobic decomposition of the organic waste, avoided utility emissions due to
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electricity generation using landfill gas, and landfill carbon storage. For anaerobic
digestion, factors considered include: CO2 emissions from transport to the anaerobic
digester, preprocessing and digester operations, biogas collection and utilization, curing
and land application, fugitive CH4 and N2O emissions, carbon storage, avoided synthetic
fertilizer offsets, and net electricity offsets.
Note: The EPA is a U.S. agency, hence, the assumptions made for the WARM tool are
not entirely applicable to the Nigerian context. This is further discussed in Chapter 5.

3.3.2 Emission Factors
The net emission factor used in WARM for landfilling of FVW without LFG recovery is
1.39 MTCO2E/ton (ICF, 2020a). This value is based on the following assumptions: a
diesel short-haul truck is used in transporting the waste to the landfill, the landfill has
“wet” moisture conditions (i.e., it receives greater than 40 inches of precipitation
annually (WeatherAtlas, 2022)), CH4 gas produced at the landfill is not captured or used,
8% of the carbon material in the waste is emitted as methane, and 10% of the dry ton
weight of the FVW is stored as carbon in the landfill due to incomplete degradation of
organic waste in landfills.
Note: For the calculation of GHG emissions from landfills, WARM does not consider
CO2 emissions from the landfill, as it is viewed as a part of the natural carbon cycle of
organic materials (ICF, 2020b).
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The net emission factor used in WARM for anaerobic digestion of FVW is -0.12
MTCO2E/ton (ICF, 2020a). This is based on the following assumptions: the biodigester is
a continuous, single-stage, wet digester, operating under mesophilic conditions; biogas
produced is used for electricity generation, the electricity generated offsets non-baseload
generation in the U.S power sector and is unavailable 15% of the time, 29% process
efficiency, digester is heated using flue gas from the biogas generator, and the digestate is
cured before land application. As stated in Section 3.3.1, the difference between the
Nigerian and U.S. context is addressed in the discussion chapter.

3.3.3 Data Inputs and Outputs
Data inputs used for the WARM analysis can be found in Table 10. The daily waste
quantity at Ketu Fruit Market was entered for the material type - “Fruits and Vegetables”
in Steps 1 and 2. Steps 3, 5, 7, 8 and 9 are the other data inputs provided for landfilling
and anaerobic digestion waste management technologies. Data outputs from the WARM
tool include GHG emissions from the baseline waste management scenario and
alternative waste management scenario in MTCO2E and MTCE.
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Table 10: Data inputs entered into the WARM tool for the environmental analysis.
Step
Step 1
Step 2
Step 3
Step 5
Step 7
Step 8a
Step 8b
Step 9a
Step 9b

Description
Waste management method (baseline)
Waste management method (alternative)
Electricity grid mix emission factor
Landfill gas (LFG) recovery
Landfill moisture condition
Anaerobic digestion details
Anaerobic digestion details
Transportation distances
Transportation distances

Data Input
Landfilling
Anaerobic digestion
National Average
No LFG Recovery
Wet (k = 0.06)
Wet Digestion
Cured - DEFAULT
Provide Information
Landfill – 2 miles
Anaerobic digestion – 0 miles
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CHAPTER 4: RESULTS

This chapter details the result of the technical, economic, and environmental analysis
conducted according to the methods described in the previous chapter.

4.1 Technical Assessment
The results obtained for the technical analysis executed in HOMER are reported in this
section. The results are classified by the energy solutions proposed. From the organic
resource assessment, the biogas potential of the organic waste in the market was found to
be 0.118 kg biogas/ kg biomass digested and the quantity of waste generated in the
market to be 50,000 kg/day. For the solar resource potential, the annual average daily
solar radiation at the market is 4.7 kWh/m2. Based on the market survey conducted, the
dimension of each rooftop block in the market was found to be 30 m by 7 m. Hence, the
total rooftop area in the market is 10,000 m2. Since the panels were assumed to have an
azimuth angle of 180°, only half of the rooftop area in the market can be used as the
market has a North-South facing roof. The 327 W solar module used for the mini-grid
simulation has a total surface area of 1.63 m2, therefore, approximately 3,000 modules
can be installed on the roof which is equal to a 980-kW solar array potential.
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4.1.1 Load Profile
Following the assumptions described in Section 3.1.1, the power and energy demand of
the load in each energy solution proposed was found to be 58 kW and 277 kWh/day,
respectively, for the CaaS solution and 81 kW and 581 kWh for the PaaS solution. This is
summarized in Table 11. Figures 12-14 show how the electricity load profile of the
market’s base load, CaaS load, and PaaS load were modeled in HOMER Pro software.
Table 11: Result of the load assessment of Ketu Fruit Market based on the energy
solutions proposed for the market.
Energy Solution

Load Demand (kW)

Cooling as a Service
Power as a Service

Power demand
(kW)
58.0
81.0

50
40
30
20
10
0

Energy Consumption
(kWh/day)
277
581

Average of Load (kW)
Max of Load (kW)
1 3 5 7 9 11 13 15 17 19 21 23

Hour of Day

Figure 12: Daily load profile of the market’s base load (i.e. without cooling storage).
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Figure 13: Daily load profile of the cooling storage load.
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Figure 14: Daily load profile of the PaaS load

4.1.2 Cooling as a Service Solution
The mini-grid system for the CaaS solution was designed for a daily load of 277 kWh
with a peak of 58 kW. Figure 15 shows a schematic layout of the mini-grid system
modeled in HOMER. HOMER’s optimization found the least cost and technically
feasible combination for the three mini-grid design options considered and ranked the
options according to their net present cost – Biogas-Solar-Battery (Hybrid), BiogasBattery (Biogas), and Solar-Battery (Solar). The size of the equipment in each mini-grid
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combination is summarized in Table 12. While Tables 13 and 14 have operation details
of the biogas genset and battery, respectively.

Figure 15: Schematic design of the mini-grid system modeled in HOMER Pro for the
CaaS solution.
Table 12: Summary of the result of HOMER’s optimization for the CaaS solution
Options
Hybrid
Biogas
Solar

Biogas
genset (kW)
65
65
-

Solar panels
(kW)
31
143

Inverter
(kW)
65
65
65

Battery
(kWh)
112
116
472

Table 13: Biogas Genset Operation details for the CaaS solution.
Options
Hybrid
Biogas
Solar

Biogas fuel
usage (kg/day)
185
268
N/A

Biogas genset
run hours (hr.)
4,761
6,895
N/A

Life span
(years)
6.3
4.4
N/A

Table 14: Battery Storage Operation Details for the CaaS solution.
Options

Autonomy
(hours)

Hybrid
Biogas
Solar

5.8
6.0
24.5

Annual
throughput
(kWh)
11,267
12,908
65,162

Annual
throughput
(No. of cycles)
167.7
185.5
230.1

Expected life
(years)
10.0
10.0
8.7
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Option 1: Biogas-Solar-Battery
This option consists of a 65-kW biogas genset, 31-kW solar PV array, 65 kW inverter
and 112 kWh battery storage. Solar and biomass are the generation sources in this option.
A larger percentage of the energy consumed was supplied by biomass as shown in Figure
16. This might be due to the load profile of the reefers. Figure 17 shows peaks in the
power output from the genset in the early hours of the day between 6:00 am – 9:00 am
and in the evenings between 6:00 pm – 7:00 pm. This coincides with the peaks in power
demand from the reefers and the periods where solar power is unavailable. With the
energy demand of the reefers distributed almost evenly over a day’s period, solar is only
able to meet a small fraction of the demand directly during the day when it is available

Production (MWh)

(See Figure 18).

15
13
10
8
5
3
0

Solar
Biogas
Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Month

Figure 16: Distribution of electricity produced from the generation sources in Option 1
(CaaS).

The hours of operation of the biogas genset in this option are 4,761 hours per year, with a
daily biogas fuel usage of 185 kg (157 m3) and generator life span of 6.3 years. The
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battery is operational mostly at night time (See Figure 19), supporting the biogas genset
with 5.8 hours of autonomy. The solar panels, battery, and bi-directional inverter have a
life span of 25, 10, and 15 years respectively.
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Figure 17: Biogas Genset Output Modeled in HOMER for Option 1 (CaaS).
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Figure 18: Solar PV Output Modeled in HOMER for Option 1 (CaaS).
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Figure 19: Battery State of Charge Modeled in HOMER for Option 1 (CaaS).

Option 2: Biogas-Battery
This option consists of a 65-kW biogas genset, a 65-kW bi-directional inverter, and 116
kWh battery storage. The biogas genset is the only generation source in this option, with
the battery supporting by reducing the frequency at which it operates. The power output
from the genset peaks during the same period as observed in Option 1 (See Figures 17 &
20). The number of hours of use of the genset in this option is however higher than that
recorded in Option 1 (6,895 hours/year in Option 2 and 4,761 hours/year in Option 1).
This consequently results in a higher amount of biogas fuel consumption, averaging at
268 kg (227 m3)/day, and a lower genset life span (4.4 years). The 116-kWh battery
storage has 6.0 hours of autonomy and an expected life span of 10 years. The long battery
life span is most likely due to the low depth at which the batteries are discharged in the
simulation as shown in Figure 21.
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Figure 20: Biogas Genset Output Modeled in HOMER for Option 2 (CaaS).
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Figure 21: Battery State of Charge Modeled in HOMER for Option 2 (CaaS).

Option 3: Solar-Battery
This option consists of a 143-kW solar PV array, a 65-kW bi-directional inverter, and 472
kWh battery storage. The generation source in this system is the solar PV array. The
battery serves the purpose of energy storage for periods where solar power is unavailable.
The 472-kWh battery has 24.5 hours of autonomy and a life span of 8.7 years. Power
from the solar panels is typically available from 9:00 am to 5:00 pm, as shown in Figure
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22. The battery serves the load fully at the other times in the day as shown in Figure 23.
The SOC of the battery was frequently between 60% and 100% and dropped as low as
40% a few times over the year period modeled.
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Figure 22: Solar PV Output Modeled in HOMER for Option 3 (CaaS).
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Figure 23: Battery State of Charge Modeled in HOMER for Option 3 (CaaS).
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4.1.3 Power as a Service Solution
The mini-grid system for this solution was designed for a daily load of 581 kWh with a
peak of 96 kW. HOMER’s optimization found the least cost combination of the
equipment in the three mini-grid design options considered and ranked the options in the
following order according to their net present cost – Biogas-Solar-Battery, BiogasBattery, and Solar-Battery. The optimized size of the components in each option can be
found in Table 15. Tables 16 and 17 show details of the operation of the biogas genset
and battery storage. A schematic design of the mini-grid system modeled in HOMER is
shown in Figure 24.
Table 15: Summary of the result of HOMER’s optimization for the PaaS solution.
Options
Hybrid
Biogas
Solar

Biogas genset
(kW)
110
110
-

Solar panels
(kW)
109
279

Inverter
(kW)
110
110
110

Battery
(kWh)
212
237
818

Table 16: Biogas Genset Operation details for the PaaS solution.
Options
Hybrid
Biogas
Solar

Biogas fuel usage
(kg/day)
107
206
N/A

Biogas genset run hours
(hours)
2,828
5,399
N/A

Life span
(years)
10.6
5.6
N/A

Table 17: Battery Storage Operation details for the PaaS solution.
Options
Hybrid
Biogas
Solar

Autonomy
(hours)
5.3
5.9
20.3

Annual Throughput
(kWh)
37,924
35,875
103,300

Annual Throughput
(no. of cycles)
298.1
252.3
210.5

Expected life
(years)
6.7
7.9
9.5
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Figure 24: Schematic design of mini-grid system modeled in HOMER Pro for the PaaS
solution.

Option 1: Biogas-Solar-Battery
This option consists of a 110-kW biogas genset, 109 kW solar PV array, 110 kW bidirectional inverter, and 212 kWh battery storage. The bulk of the afternoon load is met
by solar PV, with the battery storage balancing output from the solar array during the day
whilst complementing the biogas genset operations at night. The inclusion of solar PV
and battery storage reduced the biogas genset’s run hours to 2,828 hours per year with a
daily biogas fuel usage of 107 kg (90.7 m3). The life span of the genset, solar panels, bidirectional inverter, and battery were 10.6, 25, 15, and 6.7 years, respectively.
Figure 25 shows the contribution of the generation sources – solar and biomass to the
total load. Biomass can be seen to make up for shortfalls in the availability of solar
energy from June to August, which are typically rainy months in the South West region
of Nigeria where the market is located. The market load is mostly satisfied by solar
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power between 8:00 am – 5:00 pm and by the biogas genset and battery storage for the
other hours of the day. The 212-kWh battery storage modeled in this option has 5.3 hours
of autonomy at 60% maximum depth of discharge. Power output from the biogas genset
and the solar PV panels are shown in Figures 26 and 27. The battery SOC during the

Production (MWh)

course of the modeled year is shown in Figure 28.
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Figure 25: Distribution of electricity produced from the generation sources in Option 1
(PaaS).
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Figure 26: Biogas Genset Output Modeled in HOMER for Option 1 (PaaS).
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Figure 27: PV Output Modeled in HOMER for Option 1 (PaaS).
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Figure 28: Battery State of Charge Modeled in HOMER for Option 1 (PaaS).

Option 2: Biogas-Battery
This option consists of a 110-kW biogas genset, 110 kW bi-directional inverter, and 237
kWh battery storage. The only generation source in this system is the biogas genset, with
the battery serving the purpose of energy storage which reduces the frequency at which
the genset operates. The genset run hours per year in this option is higher (5,399 hours)
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than that in Option 1 (2,828 hours). The increased genset run hours resulted in a higher
amount of biogas fuel usage (206 kg/ 174.6 m3) and lower life span of the genset (5.6
years). The 237-kWh battery storage has 5.9 hours of autonomy with a life span of 7.9
years. Based on the generator power output shown in Figure 29, the battery seems to be
used mostly at nighttime when the energy needs of the market are the least. The battery
SOC during the course of the modeled year is shown in Figure 30.
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Figure 29: Biogas Genset Output Modeled in HOMER for Option 2 (PaaS).
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Figure 30: Battery State of Charge Modeled in HOMER for Option 2 (PaaS).

Option 3: Solar-Battery
This option consists of a 279-kW solar PV array, 65 kW bi-directional inverter, and 818
kWh battery storage. The generation source in this system is the solar PV array. As stated
under Option 3 in Section 4.1.2, the battery in this option serves the purpose of energy
storage for periods where solar power is unavailable. The 818-kWh battery storage has
20.3 hours of autonomy and a life span of 9.5 years. Figure 31 shows the power output
from the solar panels, while Figure 32 shows the SOC of the battery at different hours of
the day during the course of the modeled year. The SOC of the battery was frequently
within the 85% - 100% and 55% - 75% range.
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Figure 31: Solar PV Output Modeled in HOMER for Option 3 (PaaS).
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Figure 32: Battery State of Charge Modeled in HOMER for Option 3 (PaaS).

Although biogas can theoretically be used to meet 100% of the electricity needs at the
market, it is not technically feasible to constantly run a biogas genset. Generators require
maintenance after a certain number of hours of operation, which will result in downtimes
in power supply if the market’s sole power source is a biogas genset. Running a generator
24/7 will also reduce its operational life and result in frequent replacements over the
lifetime of the project. In both CaaS and PaaS solutions, adding solar and battery storage
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reduced the generator run hours, and consequently the net present cost of the system due
to reduced operation costs. The results of the economic analysis can be found in the next
section.

4.2 Economic Assessment
The results obtained for the economic analysis are reported in this section. The goal of
this assessment was to determine the economic viability of providing cooling as a service
and power as a service to Ketu Fruit Market using a mini-grid system. Economic viability
was determined using the following metrics: net present cost (NPC), cost of energy
(COE), net present value of the system (NPV), and internal rate of return (IRR). The
economic analysis was done using HOMER and Microsoft Excel. HOMER calculated the
NPC of the system and nominal lifecycle cost of the components in the mini-grid. It
however considered only the cost of the components in the mini-grid, while Excel
considered the cost of the components in the mini-grid and that of the biodigester for the
options with a biogas genset. HOMER’s cost output served as an input to the analysis
done in Microsoft Excel. The analysis in Excel excludes HOMER’s assumed salvage
value for the mini-grid components at the end of the project life. Excel was used to
calculate the COE, NPV, and IRR of each mini-grid system.
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4.2.1 Cooling as a Service Solution
The economic outputs obtained from HOMER are summarized in Table 18. The options
are ranked based on the NPC from the least to the greatest. The Solar-Battery option had
the highest initial capital cost, which aligns with the characteristics of solar and battery
powered systems, while the Biogas-Battery option had the lowest capital cost. For the
operating cost, the Biogas-Battery option had the highest operating cost, while the SolarBattery option had the lowest operating cost. Also included on Table 18 are the estimated
salvage values used by HOMER for the calculation of the NPC of each mini-grid system.
Table 18: Result of Economic Analysis conducted in HOMER for the CaaS solution.
Option
Hybrid
Biogas
Solar

Net Present Cost
$365,013
$428,963
$557,384

Initial Capital
$121,440
$103,295
$269,985

Operating Cost
$110,978
$148,936
$53,826

Salvage value
$19,479
$24,074
$19,331

The result of the economic analysis done in Excel is summarized in Table 19. The
economic outputs on this table are the COE, NPV, and IRR. The COE is seen to be
directly proportional to the NPV. This might be due to the even net profit margin
assumption for the price at which the electric energy produced is sold to the market to
generate revenue for the mini-grid operator. If the operator was required to sell electricity
to the market at a price that is independent of the COE, it would be most profitable to use
the mini-grid option with the least COE which is the Biogas-Solar-Battery option. For the
IRR, all values obtained were higher than the real discount rate (1.8%) used for the
analysis. The IRR in the Biogas-Battery option was, however, the highest.
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Note: The IRR values have been adjusted for inflation using an inflation rate of 13.25%
(See Section 3.2.1).
Table 19: Result of economic analysis carried out using Microsoft Excel for the CaaS
solution. This analysis factored the costs associated with installing and maintaining a
biodigester for the options with a biogas genset.
Option
Hybrid
Biogas
Solar

COE ($/kWh)
0.242
0.299
0.275

NPV
$50,900
$63,000
$57,900

IRR
4.73%
5.55%
3.87%

A breakdown of the net present cost of the components in each option can be found in
Figure 33-35. In the Biogas-Solar-Battery and Biogas-Battery option, the biogas genset
accounts for the bulk of operation and replacement costs, while in the Solar-Battery
option, the battery accounts for a huge portion of the capital and replacement costs.
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Figure 33: Breakdown of the lifecycle project costs in Option 1 by the components in the
mini-grid system over a 25-year period (CaaS).
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Figure 34: Breakdown of the lifecycle project costs in Option 2 by the components in the
mini-grid system over a 25-year period (CaaS).
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Figure 35: Breakdown of the lifecycle project costs in Option 3 by the components in the
mini-grid system (CaaS).

4.2.2 Power as a Service Solution
The economic outputs obtained from HOMER for the PaaS scenario are summarized in
Table 20. The options are ranked based on the NPC from the least to the greatest. The
Solar-Battery option had the highest initial capital cost, while the Biogas-Battery option
had the lowest capital cost. For the operating cost, the Biogas-Battery option had the
highest operating cost, while the Solar-Battery option had the lowest operating cost. It
could be said that systems with more solar have higher upfront and lower operating costs,
while biogas-based systems are the opposite. The overall costs for the PaaS solution are
generally higher than that in the CaaS solution, while the cost per unit of energy in the
PaaS solution is lower than that in the CaaS solution, since more energy is being
generated and used in the PaaS solution.
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Table 20: Result of Economic Analysis conducted in HOMER for the PaaS solution.
Option
Hybrid
Biogas
Solar

Net Present Cost
$610,323
$691,632
$939,416

Initial Capital
$247,767
$186,468
$485,027

Operating Cost
$132,600
$205,134
$96,806

Salvage Value
$45,586
$68,216
$71,425

The result of the detailed economic analysis conducted in Microsoft Excel can be found
in Table 21. The COE is seen to be directly proportional to the NPV for similar reasons
with the CaaS solution which is explained in Section 4.2.1. The IRR values for each
option were all higher than the real discount rate (1.8%) used for the economic analysis.
Table 21: Result of economic analysis carried out using Microsoft Excel for the PaaS
solution.
Option
Hybrid
Biogas
Solar

COE ($/kWh)
0.169
0.206
0.227

NPV
$73,000
$91,100
$100,000

IRR
4.77%
6.15%
4.04%

For better understanding of the cost breakdown in each option over the lifetime of the
project, Figure 36-38 show the capital, O&M, replacement, and salvage values for each
optimized MG option. These figures include costs associated with the biodigester for
options that include a biogas genset.
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Figure 36: Breakdown of the lifecycle cost of Option 1 by the components in the minigrid system over a 25-year period (PaaS).
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Figure 37: Breakdown of the lifecycle cost of Option 2 by the components in the minigrid system over a 25-year period (PaaS).
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Figure 38: Breakdown of the lifecycle cost of Option 3 by the components in the minigrid system over a 25-year period (PaaS).

4.3 Environmental Assessment
This section details the outcome of the environmental assessment of the energy
solutions proposed for Ketu Fruit Market. The market generates 50 tonnes (55 US
tons) of waste daily, which is currently disposed off at an open dumpsite. Using the
U.S. EPA WARM tool, the carbon dioxide emissions in this baseline scenario were
found to be 77 MTCO2E (See Table 22). Alternative scenarios for waste management
at the market were determined based on the mini-grid design options under each
energy solution proposed for the market. Table 23 and 24 show the results obtained
for CO2 emissions in the alternative scenarios. This was determined by the quantity of
waste used to generate biogas through anaerobic digestion and the quantity of waste
sent to the landfill. The percentage reduction in CO2 emissions in the alternative
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scenarios were quite low due to the small quantity of waste diverted from the landfill
in those scenarios compared to the amount of waste generated in the market.

Table 22: Greenhouse-gas emissions in baseline waste management scenario.
Parameter
Total waste generated
Amount of waste landfilled
Metric Tons of CO2 emissions

Value
55 tons
55 tons
77 MTCO2E

Table 23: Greenhouse-gas emissions in alternative waste management scenario and
percentage decline in emissions from the baseline scenario based on biomass waste
diversion in the CaaS solution.
Option
Hybrid
Biogas
Solar

Biodigester
(tons)
1.7
2.5
0.0

Landfill
(tons)
53
53
55

MTCO2E

% Decline

74
73
77

3%
5%
0%

Table 24: Greenhouse-gas emissions in alternative waste management scenario and
percentage decline in emissions from the baseline scenario based on biomass waste
diversion in the PaaS solution.
Option
Hybrid
Biogas
Solar

Biodigester
(tons)
1.0
1.9
0.0

Landfill
(tons)
54
53
55

MTCO2E

% Decline

75
74
77

2%
4%
0%

An area of uncertainty in this analysis is the accuracy of the electricity grid emission
factor. WARM tool’s assumptions are based on the energy mix of the U.S. electricity
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grid, which might be cleaner than Nigeria’s electricity grid.14 If that is the case, the
percentage decline in MTCO2E would be higher than what was obtained in the
alternative waste management scenarios.
From an environmental standpoint, it might be beneficial to meet the entire energy
demand at the market using biomass energy without any input from other generation
sources. Although this option is not emission free, it will substitute the carbon dioxide
emissions that would otherwise have come from self-generation or the electric grid as
well as methane emissions at the landfill, which is a more potent greenhouse gas than
carbon dioxide.

14

In 2015, the electricity generated in the U.S. and Nigeria from fossil fuels was 67.1% and 82%,
respectively (World Bank, 2015)
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CHAPTER 5: DISCUSSION

5.1 Cost of Energy comparisons
Comparing the electricity price of the mini-grid options explored in this thesis to the
existing national grid, it is more expensive to buy electricity from a mini-grid than from
the national grid. The electricity price of the mini-grid options explored in this thesis are,
however, cheaper than the tariff of operational mini-grid systems in Nigeria. The
electricity price of the mini-grid options explored was set using the 10.41% first-quarter
average net profit margin of the utility sector in 2021 (Ross, 2021). COE results are
summarized in Table 25 and the electricity price in Table 26.
Table 25: COE result for the CaaS and PaaS solution.
Option
Hybrid
Biogas
Solar

CaaS ($/kWh)
0.242
0.299
0.275

PaaS ($/kWh)
0.169
0.206
0.227

Table 26: Electricity price at a net profit margin of 10.41%
Option
Hybrid
Biogas
Solar

CaaS ($/kWh)
0.267
0.330
0.303

PaaS ($/kWh)
0.183
0.228
0.250

5.1.1 Comparison to the National Electricity Grid
Ketu Fruit Market is located under the Ikeja Distribution Company (IKEDC) network.
IKEDC’s 2022 tariff for a single phase commercial customer is ₦21.27/kWh or
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$0.05/kWh (NERC, n.d.). The electricity price of the optimized options explored in this
thesis is much higher than the price at which the market buys electricity from the grid
(approximately 4x higher, assuming Ketu Fruit Market is under IKEDC’s single phase
commercial customer tariff). Due to the unreliable supply of electricity from the national
grid, businesses in the market spend more than $0.05/kWh for electricity with selfgeneration using petrol and diesel gensets. The typical cost of energy with self-generation
is $0.40/kWh (REA, 2017). Taking into account, a 10.43% profit margin for the minigrid operator, the market would pay less for electricity generated using the optimized
mini-grid options than they would with self-generation (See Table 26). The cost of
energy with self-generation is susceptible to fluctuations in fuel costs and additional
maintenance costs determined by the usage of the gensets. The estimated cost of selfgeneration doesn’t also reflect the negative impact of fossil-fuel gensets on human health
and the environment.

5.1.2 Comparison to Operational Mini-Grids in Nigeria
There are other mini-grids operating in Nigeria using similar business models to the one
analyzed in this thesis. These make a good alternative point of comparison. At 10.43%
net profit margin, the price at which electricity will be sold to the market using the
optimized solutions ranged from $0.267 – $0.303/kWh for the CaaS solution and $0.183 $0.250/kWh for the PaaS solution. This is lower than the current price (0.34-0.86 $/kWh)
charged by operators of operational mini -grids in Nigeria (Yakubu et al., 2018). If the
mini-grid system is built using an SPV model, there might be a need for a higher profit
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margin due to the number of stakeholders involved in the model. The results also point to
it being cheaper to generate electricity for a larger load, as the COE of each optimized
option under the PaaS solution, is lower than that of the CaaS solution.

5.2 Biogas-Solar-Battery versus Diesel-Solar Battery
As seen under Section 1.4, the hybrid mini-grid systems deployed to Nigerian markets
under the Energizing Economies Initiative use diesel gensets as back-up power. This is
not good for the environment as back-up generator sets contribute to NOX, CO2, and PM
2.5 emissions in the country. Hence, the cost of generating electricity with a Diesel-SolarBattery system and a Biogas-Solar-Battery system are compared in this section to
determine if it is also economically beneficial to use biogas in the place of diesel fuel.
The difference between the two options was determined by replacing the biogas genset in
the Biogas-Solar-Battery option with a diesel genset. The analysis was done for the load
in the PaaS solution. The operation of the Diesel-Solar-Battery system was simulated in
HOMER and the COE of the system calculated in Microsoft Excel. The simulation
resulted in annual diesel genset runtime of 2,414 hours and an average fuel consumption
of 102 liters/day at a fuel cost of $0.595/liter.15 The COE of the Diesel-Solar-Battery
system was found to be $0.270/kWh. This is 64% higher than the COE of the BiogasSolar-Battery system under the PaaS solution. The capital cost of the Diesel-SolarBattery system was, however, lower than that of the Biogas-Solar-Battery system. This is

15

Average 2021 price of diesel in Lagos, State, Nigeria (NBS, 2022)
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due to the additional component – biodigester, in the Biogas-Solar-Battery system that is
required to produce biogas. The annualized O&M cost of the Diesel-Solar-Battery system
was higher than that of the Biogas-Solar-Battery system due to fuel cost, which made up
79% of the total annual O&M cost of the Diesel-Solar-Battery system. Table 27 shows
the COE, capital cost, and annualized O&M cost of each system.
Table 27: Comparison between using a Biogas-Solar-Battery and Diesel-Solar-Battery
mini-grid system to serve the PaaS load.
Parameter
COE
Capital Cost
Annualized O&M Cost

Biogas-Solar-Battery
$0.169 /kWh
$259,000
$22,100

Diesel-Solar-Battery
$0.270 /kWh
$239,000
$45,400

Since the diesel market in Nigeria is deregulated, it is subject to fluctuations in global oil
prices. Between January 2015 and January 2022, national diesel prices ranged from ₦145
– ₦289 /liter ($0.350 - $0.698/liter) (NBS, 2022). The current diesel price has
skyrocketed to between ₦620-₦650/liter ($1.498 – $1.570/liter) due to the RussianUkraine crises that has led to an increase in global oil prices (Bussinessday NG, 2022).
Figure 39 shows how diesel price affects the COE of a Diesel-Solar-Battery system. The
COE is seen to be directly proportional to the price of diesel fuel. This means the COE of
a Diesel-Solar-Battery system is susceptible to fluctuations in global oil prices.
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Figure 39: Relationship between the average annual diesel prices in Lagos State and the
COE of the PaaS solution for Ketu Fruit Market using the Diesel-Solar-Battery mini-grid
system.

Note: The COE values here are based on HOMER’s results which factors an assumed
salvage value for each component in the system at the end of the project lifetime.

5.3 Biogas Only System
Although this thesis is focused on hybrid mini-grid systems, an analysis was also
conducted on the use of biomass alone to meet the energy needs of the market. The
analysis was done specifically for the load in the PaaS solution. Since it is technically
unfeasible to run one genset constantly to power the market, the system designed for this
analysis was assumed to have two biogas gensets running 12 hours daily. Alternating
between two gensets will reduce wear and tear on each generator and also ensure power
supply to the market during maintenance periods. The outcome of this analysis is
summarized in Table 28. The capacity of each generator was 100 kW, and together the
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average biogas use was 260 kg/day (220 m3/day). Factoring costs associated with the
biodigester, the COE was found to be $0.169/kWh, with an initial capital cost of
$142,000 and a lifecycle operating cost of $477,000.16 The COE of the biogas-only
system is lower than that of the Biogas-Battery and Solar-Battery system. Its initial
capital cost is lower than all the mini-grid systems assessed, while the reverse is the case
for its operating cost.
Table 28: Details of the biogas only system analysis
Parameter
Generator 1 size
Generator 2 size
Average biogas use
Cost of energy
Initial capital cost
Operating cost

Value
100 kW
100 kW
260 kg/day
0.169 $/kWh
$142,000
$477,000

Given the waste potential of a food market, it seems more reasonable to power the market
using a biomass only system, considering the economic and environmental benefits of
doing so. Although electricity generation using biomass is not pollution free, it displaces
the emission of methane, which is a more potent gas than carbon dioxide, at landfills. The
electricity generated using biomass also replaces the electricity that would have been
generated using fossil fuel, as is true in the case of self-generation or from the national
electric grid. A biogas-only system however reduces the reliability of the mini-grid as
biogas is the only energy source in the system.

16

Net present value of the lifecycle operating cost.
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Due to uncertainties in the modeled cost of the biogas genset, a sensitivity analysis was
conducted to determine the impact of the biogas genset cost on the COE of the biogasbased systems. The capital cost of the biogas genset was assumed to be 5% higher than
the average cost of a diesel genset. While the O&M cost was assumed to be the same as
that of a diesel genset. The 5% margin in the capital cost is for the modification of a
diesel generator for it to operate on biogas. The modification cost could, however, be
higher than the assumption made. Hence, the capital and O&M cost assumption was
adjusted by 50% to see how it influences the COE of the biogas-based mini-grid systems.
The difference in COE ranged from 15% - 40% and was dependent on how reliant the
mini-grid was on biogas (See Table 29).
Table 29: Result of the sensitivity analysis of the biogas genset’s capital and O&M costs.
A is the COE of the mini-grid system at a 5% cost margin, while B is the COE of the
mini-grid system at 50% cost margin.
Mini-grid System
Biogas-Solar-Battery
Biogas-Battery
Biogas-only

A ($/kWh)
0.169
0.206
0.169

B ($/kWh)
0.191
0.245
0.227

Difference
13%
19%
34%

5.4 Impact of Cooling Storage on Organic Waste Resource
As mentioned in Section 2.2.3, the organic waste produced at Ketu Fruit Market comes
from damaged food items during transportation, spoilage before sale, and miniprocessing of food items sold in the market. Providing cooling storage in the market
would therefore impact the quantity of organic waste generated. Also, the use of
refrigerated units in the future for preserving food items during transportation will reduce
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the organic waste generated in the market. Looking at all the systems modeled in this
thesis, the maximum daily biomass use was 2,320 kg which was for the biomass only
analysis for the load in the PaaS solution. This represents 4.6% of the market’s current
daily waste generation. If the market is powered solely with biomass energy, the output
of the system would be subject to the organic waste available to use as feedstock.
Although 4.6% is a small portion of the market’s total waste, a hybrid mini-grid system
with multiple energy resources has higher reliability than one with only one energy
source.

5.5 Implementation Constraints
The implementation of a solar and biomass mini-grid system is dependent on a number of
factors.
1. Technical constraints - Anaerobic digestion technology proposed in this thesis
requires hands-on monitoring to ensure system stability. Part of the O&M cost
assumed for the biodigester in this study is for employing persons that will
operate the biodigester plant. The high sugar content of FVW leads to fast
acidification of the waste during digestion. To neutralize the pH of the substrate,
manure is usually added as was done in the pilot system discussed in Section
3.1.2. The use of manure in managing the stability of the AD process adds to the
cost of operating the mini-grid system. Asides managing system stability, a high
fruit content compared to vegetables in the waste digested increases the carbon
dioxide content of the biogas and conversely reduces the methane content. To

97
address this (Scano et al., 2014) suggest using storage tanks to control the ratio of
fruit and vegetable digested or the use of a two-stage reactor. Both suggestions
however add to the capital and operating cost of the biogas plant. Another
technical constraint has to do with handling the by-product digestate from the AD
process. Producing organic fertilizer from the digestate will require additional
space to process the digestate. Given the space constraints at Ketu Fruit Market,
an alternative is to transport the liquid digestate to another facility. One possible
location is Earth Care Nigeria, a composting facility located in Fish Farm Estate,
Ikorodu, which is 23 km away from the market. The costs of transporting the
digestate and willingness of the composting facility to process the digestate is
however unknown.

2. Payment model – Another constraint related generally to the implementation of
mini-grid systems is revenue collection (MGP et al., 2020). The current model
being used in the EEI scheme is prepaid metering of each shop in the market. This
allows the shop owners to only use what they have paid for. The installation of
prepaid meters in each shop however adds to the cost of a PaaS project. Meters
can also be bypassed, which would lead to revenue losses or additional man-hours
if regular inspection were to be done to catch culprits. A possible alternative is to
combine the payment of each shop’s electricity bill with its rent. This charge
would be a fixed one determined by the estimated energy use of each shop.
Implementing such a model would require co-operation from the market’s

98
leadership and support from the government in overseeing the process and
ensuring fairness in the estimation of the electricity bills. The constraints with
payment are peculiar to the PaaS solution, as what is being sold is the electric
energy delivered to the shops. In the CaaS solution the commodity sold is a space
in the cooling storage powered by the mini-grid system. Revenue collection in
this case might be easier than in the PaaS case.
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CHAPTER 6: CONCLUSION

The aim of this thesis was to determine the technical and economic feasibility of
electrifying a food market using a hybrid biogas system, and also to determine the
environmental impact of the system. The analysis was done for two load types: CaaS
load (58 kW, 277 kWh), which is for a cooling storage project at the case study
market, and for a PaaS load (96 kW, 581 kWh), which is for an energy solution that
provides electricity to the entire market and a shared cooling storage for food items
sold in the market. The technical analysis resulted in three technically feasible
combinations; Solar-Biogas-Battery, Biogas-Battery, and Solar-Battery. The most
economically viable option out of the three was the Solar-Biogas-Battery option,
which had the lowest NPC and COE. While the least economically viable option was
the Solar-Battery option which had the highest NPC and COE. For the PaaS load, a
biogas-only system resulted in a COE equal to that of the Solar-Biogas-Battery
system and lower than the Biogas-Battery and Solar-Battery option.
The results show that combining two or more renewable sources of energy reduces
the size of battery storage (approximately four times less) needed as the reliability of
the system is increased. This was also the case in the research on renewable power
supply for rural health clinics in Nigeria (Olatomiwa et al., 2016). Although, the COE
of the biogas-only system is the same as that of the hybrid biogas system, the
reliability of the former would be lower compared to the latter as there is no
alternative source of energy to fall back on if the output from the biogas generator or
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biodigester fails. Given the technical constraints associated with operating a
biodigester plant (See Section 5.4), combining other sources of energy like solar or
having battery storage guarantees constant power output from the mini-grid system. A
review of HOMER’s simulation of the CaaS and PaaS load showed that the energy
consumption pattern of a load has an effect on the energy source used to supply the
load in a hybrid power system. The daytime load in the PaaS solution resulted in
more solar use compared to the CaaS solution, where the peaks in power demand
occurred at times of the day when solar power was unavailable.
This study has shown that the cost of generating electricity using a Biogas-SolarBattery system (0.169 $/kWh) could be less than that of a Diesel-Solar-Battery
system (0.270 $/kWh), given the assumptions of the model. Since the biogas genset
and biodigester consist of 26% of the capital and 77% of the O&M cost of the
Biogas-Solar-Battery system, higher cost values for these components will increase
the cost of producing energy with a biogas hybrid system. Hence, biogas may be able
to replace the role of diesel in hybrid mini-grid power systems, if the costs of biogas
can be brought down to levels that are consistent with the estimates of the model in
this thesis. The maintenance cost associated with the biodigester required for the
biogas hybrid mini-grid is lower than the fuel cost of a diesel hybrid mini-grid. For
food markets, the feedstock required to produce biogas can be obtained easily from
the market at zero cost. Unlike diesel or petrol fuel, the feedstock supply and cost are
not susceptible to fluctuations in global oil prices. Using the organic waste a market
produces to generate electricity also reduces methane emissions at landfills and
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offsets carbon dioxide emissions from fossil-fuel gensets. When compared to the
national grid, a biogas mini-grid provides an added benefit of reduced transmission
and distribution losses due to the proximity of the generation source to the customers
served and sustainability due to the use of cleaner energy resources. Given the high
transmission and distribution losses in the power system, onsite generation using
mini-grids systems will eliminate ATC&C17 losses for DISCOS. It would also reduce
the pressure on the limited national grid infrastructure.
Considering just 4% of the waste in Ketu Fruit Market was required for the system
with the highest daily biogas use (the biogas only system), the market has the
potential to not only meet its own electricity needs but also the electricity needs of
other customers around it such as the ultra-modern market being built beside it. This
is most likely the case in other food markets in urban areas of Nigeria. Hence, local
government authorities should consider incorporating biogas hybrid mini-grids as a
power source for new market sites. Also, it is important to understand how to
sustainably build markets such that their overall energy need for lighting and cooling
is reduced. For the PaaS solution, having an easy and low-cost method for revenue
collection is key to successful implementing the solution. This problem is one that
can be solved through dialogue with necessary stakeholders such as project
developers (e.g., Togata Renewable Technologies), market leaders/ co-operation,

17

ATC&C - Aggregate Technical, Commercial and Collection
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local government authorities, REA, DISCOS, who are involved in the execution of
the solution.
To establish the feasibility of biogas hybrid mini-grids, the research conducted for the
Ketu Fruit Market would need to repeated for different markets to confirm the
findings in this study or possible variations from the results of this study. Further
study is also required on the cost and lifetime of equipment required for biogas hybrid
mini-grids and how the technical constraints related to the operation of a biodigester
plant (discussed in Section 5.5) affects the O&M cost of the system. Also, the value
chain of the by-product digestate from the anaerobic digestion of organic waste
should be further researched on to determine the most suitable and affordable
technology for processing the digestate.
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APPENDICES
Appendix A: Supplemental data for Chapter 3
This appendix contains supporting data for the market load assessment and equipment
selection in the methodology section. A breakdown of the energy load calculation for the
market can be found in Table A-1. Figure A-1 shows the fuel consumption curve of the
biogas genset used in the mini-grid systems analyzed. Figure A-2 and Figure A-3 show
the technical specification and dimensions of the solar module in the mini-grid systems.
For the economic analysis, Tables A-2 to A-5 contain the data used for the cost
assumptions of components used in the mini-grids. Lastly, for the environmental analysis,
Figure A-4 shows a screenshot of the distance of Ketu Fruit Market from the landfill
closest to the market based on Google maps.
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Table A - 1: Assumptions made for the power and energy demand calculation for the
PaaS solution. The power ratings of electrical appliances are based on the mean power
rating of these devices determined in the study by (Olaniyan et al., 2018).
Electric Load

Foodstuff
Trading
Shop light
Reefer
Grocery &
Drink Stores
Shop light
Fan
Radio
Fridge
Freezer

Power
Demand
(W)

Quantity

No of
shops

Total
Wattage
(kW)

Hours of
use

Daily Energy
Demand (kWh)

68.0
11
14400

1
4

948
1

10.43
57.60

403
12
24

125.136
277.44

6.73
11
80
60
225
286

2
1
1
1
1

10
10
10
10
10

0.22
0.8
0.6
2.25
2.86

142
12
12
12
24
24

2.64
9.6
7.2
54
68.64
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Electric
Load
Barbing
Salon
Shop light
Fan
TV
Clippers
Phone
Charging
Station
Shop light
phones
Other Loads
Toilet light
Water pump
(1.5hp)
Perimeter
light
Total Load
Base Load18

18

Power
Demand
(W)

Quantity

No of
shops

Total
Wattage
(kW)

Hours of
use

Daily Energy
Demand (kWh)

0.710
11
85
205
11

11
3

2
1
1
4

4
4

0.044
0.17
0.41
0.088
0.640

12
12
12
8

12
2
12
2

1.98
6.714

12

18.36

11
1119

5
1

3
3

0.044
0.6
5.050
0.165
3.357

30

51

1

1.53

Total load minus reefer load

1
50

2
2
2
2

8.19

81.2
23.6

0.528
2.04
4.92
0.704
1.73

0.528
1.2
27.05

582
304
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Figure A - 1: Fuel consumption curve of the biogas generator (NREL, 2017)

Figure A - 2: Technical specification of the 327 W Sun Power solar module (NREL,
2017)
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Figure A - 3: Panel Dimensions of the Sun Power 327 W solar module (NREL, 2017)

Table A - 2: Diesel generator cost data. Source – (Okafor, 2021)
Size (kW)
20
30
40
45
50
135
200

Upper limit cost (Naira)
6,200,000
6,700,000
7,950,000
7,950,000
9,500,000
10,500,000
17,000,000
Average cost/kVA (₦)
Average cost/kVA ($)

Cost (₦)/ kVA
10,000
23,333
98,750
76,667
90,000
77,778
85,000
₦ 180,218
$ 435

Table A - 3: Solar module cost data. Source - (Solar Depot, 2022)
Size (W)
300
350
440

Cost (Naira)
77,000
92,000
114,000
Average cost/W (₦)
Average cost/W ($)

Cost/ W
257
263
259
₦ 260
$ 0.63
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Table A - 4: Bi-directional inverter cost data. Source - (Solar Depot, 2022)
Size (KW)
3.6
5
8

Cost (Naira)
1,015,000
1,115,000
1,825,000
Average cost/kW (₦)
Average cost/kW ($)

Cost/ KW
281,944
223,000
228,125
₦ 244,356
$ 590

Table A - 5: Lead-acid battery cost data. Source - (Solar Depot, 2022)
Parameter
Size
Cost/unit
Cost/ kWh
Cost/ kWh

Value
3
370,000
123,333
298

Unit
kWh
naira
N/kWh
$/kWh

Table A - 6: Controller cost data. Source - (Solar Depot, 2022)
Parameter
Brand
Cost in Naira
Cost in USD

Value
Color control
GX by Victron
₦ 278,000
$ 672

Figure A - 4: Distance between Ketu fruit market and the nearest landfill
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Appendix B: Supplemental data for Chapter 5
This Appendix contains data supporting the narrative in the discussion section. For the
energy cost comparison in Section 5.1, Table B-1 contains Ikeja Distribution Company’s
electricity tariff schedule by class for customers under their distribution network. Figure
B-1 shows the fuel consumption of the diesel genset used for comparisons made between
a biogas-solar-battery system and a diesel-solar-battery system in Section 5.2 and Table
B-2, the output obtained from HOMER for the diesel-solar-battery system. Lastly, Table
B-3 contains diesel fuel price data used in analyzing the impact of diesel fuel price on the
energy cost of a diesel-solar-battery system.

Figure B - 1: Ikeja Distribution Company Tariff Schedule in naira per kWh (NERC, n.d.)
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Figure B - 2: Fuel consumption curve of the 100-kW diesel generator used in the dieselsolar-battery system analysis (NREL, 2017)

Table B - 1: Result of the diesel-solar-battery system analysis for the load in the PaaS
solution
Diesel
Fuel
Price
($/L)
0.333
0.418
0.516
0.526
0.532
0.553
0.595
0.733
1.50
1.57

COE
($)
0.205
0.220
0.237
0.238
0.239
0.243
0.251
0.274
0.422
0.438

Operating
cost
($/year)
31,164
34,330
37,962
38,326
38,546
39,344
40,941
45,990
77,281
80,751

Initial
capital
($)
245,268
245,268
245,268
245,268
245,268
245,268
245,268
245,268
245,268
245,268

Solar
Production
(kWh/
year)
149,258
149,258
149,258
149,258
149,258
149,258
149,258
149,258
149,258
149,258

Battery
Annual
Throughput
(kWh/ year)
48,958
49,915
51,012
51,097
51,189
51,403
51,810
52,987
65,771
67,747

Genset
run
hours
2,317
2,280
2,239
2,236
2,232
2,227
2,217
2,174
2,073
2,079

Fuel
consumption
(L)
36,303
36,214
36,104
36,087
36,071
36,073
36,087
35,954
36,554
36,762

Fuel
Cost
($/year)
12,089
15,137
18,630
18,982
19,190
19,949
21,472
26,354
54,758
57,717

Genset
O&M
Cost
($/year)
3,823
3,762
3,694
3,689
3,683
3,675
3,658
3,587
3,420
3,430
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Table B - 1: Average annual diesel fuel price in Lagos, Nigeria. Source – National
Bureau of Statistics
Year
2015
2016
2017
2018
2019
2020
2021
Jan-22
Mar-22
Mar-22

Average Price (₦/L)
138
173
214
218
229
220
246
303
620
650

Average Price ($/L)
0.333
0.418
0.516
0.526
0.553
0.532
0.595
0.733
1.498
1.570
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Appendix C: Pictures of Ketu Fruit Market
This appendix contains pictures taken during the market survey conducted by Ridwan
Adebayo of Ketu Fruit Market, Ikosi, Lagos. Figures C-1 to C-5 show the major activities
and goods sold in the market. They also provide more visuals of structures in the market
such as the buildings and makeshift stands. The market’s refuse dumpsite is shown in
Figure C-6 and electrical connection to the grid in Figure C-7.

Figure C- 1: Row of shops in the market belonging to traders selling citrus fruits.
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Figure C- 2: Truck delivering watermelons to traders in the market.

Figure C- 3: Plantain traders displaying their wares under umbrella stands. The plantain
stalk waste after repackaging is being gathered for disposal.
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Figure C- 4: Street view of the market showing drink, POS, and betting stores.

Figure C- 5: Pineapple traders displaying their wares.
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Figure C- 6: Market waste dumped outside the market walls for collection by LAWMA.

Figure C- 7: Ketu market's transformer connection to the grid.

